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ABSTRACT

Oil exploration and production activities in offshore waters of the Alaskan
Beaufcrt Sea have been increasing in recent years. A research program designed to
implement an environmental monitoring program and to detect and quantify long-term
changes in the concentrations of metals and hydrocarbons sourced in exploration and
production discharges, was begun ti 1984.

The first year of the study focused on establishing a series of benthic stations
at which surface sediment (O-1 c m ) and bivelve m olluscs were sa m pled using a m odifled
grab sa m pier designed to obtain an undisturbed sediment sa m pie. Twenty-seven stations
were occupied at which eight replicate sediment sa m pies were collected. A sampling
strategy consisting of co m btiation of randomly placed stations, stations chosen to
examine offshore gradients, gradients away fYo m a m a.jor exploration/production activity,
and stations chosen to reoccupy stations previously in other programs was employed. The
collection success of bivaves  was limited due to the sptity of ani m alsj but sa m pies of
sufficient bio ma= for che m ital. analyses were obtained at three stations.

The analysis of metal constituents (Ba, Cr, V, Pb, Cu, Zn, Cd) in sediments by
a variety of analytical techniques revesled a wide range of concentrations. How ever,
highest concentrations were associated with fine grsined sediments and were located
near discharges to major rivers. The within-station variability y of m etals in sedi m ents w as
examined at each station and the minimum detectable change at each station determined.
Simihrly,  hydrocarbon concentrations w ere deter mined on replicates at each station.
Detailed hydrocarbon determinations of individual saturated hydrocarbons (by G C \FID )
and polynuclear aromatic hydrocarbons (P A H) (by G C/MS) were performed on replicates
at seven stations and on co m posite sa m pies fko m the remaining stations. Concentrations
,of hydrocarbons also covaried  with the quantity of fline sediment (i.e., silt plus clay) and
were related to the protim ity of the station to river discharges. The detaXLed  PA H
co m positions revealed that sediments at all stations cont&ed significant quantities of
fossil hydrocarbons. How ever, this co m position did not result &o m exploration/production
discharges, but probably was related to the nature of sediment source material which
contains organic-rich peat, and possible s m aller quantities of coal particles &o m river
drainage. No evidence for inputs fio m any ofl and gas exploration activities were
detected in any sediment or bivalve sa m pies.

Based on the Year 1 results, a sta~tically valid method for monitoring
incremental additions of m etds and hydrocarbons to the benthic environment has been
established and the moat useful chemical parameters, to ascertain these changes,
developed. Suggestions for implementation of the Year 2 program are presented in this
report as w en.
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1. IMTRODUCTIOM

1.1 Study Framework

Although the north slope of Alaska has been a significant ofl producing region
for several years, offshore exploration in state waters only began about five years ago
and, at present~  is g~ wfig stea~Y in feder~ leasing ~eas” The Outer C on~ent~ she~
(o  C S) Lands A Ct A mendm en~ or ~ 9 7 8  Ch=we  the ~ep~ ment of the fi~e~% Miner-
Manage m ent Service (M MS) to monitor the marine environment with the purpose of
iden~g changes in the quality of the environment and to identify the causes of such
changes.

The unique physical and biological environ m ent of the Alaskan Beaufort Sea
makes exploration for, and develop m ent and production of offshore oil. and gas resources
extremely difficult and hazardous. In addition, it raises serious quetions  about the
environ mental fate and effects of intentional or accidental discharges and activities, and
the applicabfity of results of studies in other U.S. O CS regions for predicting impacts in
the Beaufort Sea. A scientific appraisal of the feasibility of conducting a m on.itoring
program in the Beaufort Sea to measure changes in environmental quality attributable to
oil and gas exploration and production activities, and the f%a m e w ork for the design of such
a program was discussed at a workshop held in Alyeska, Alaska on September 27-29, 1983.
The M MS and National Oceanic and Atmospheric Ad ministration (NOAA) sponsored
workshop resulted in a document (Dames and Moore, 1984) which reco m mended the
im ple m entation  of an initial  phase of the Beaufort Sea Monitoring Program (BS M P), to be
based on determining whether changes in key toxic and source-diagnostic chemical
concentrations were detectable h the region. TM consensus reco m m endation form ed the
basis of the study design framework and the study results presented in this report.

1.2 Study Objectives and Technical Approach

The objectives of the BS M P were to establish and implement a monitoring
program over an initial three-year period:

● To detect and quantify long-term change in the concentrations
of trace metals and hydrocarbons that might:

1. result fro m discharges of O C S oil. and gas exploration and
production activities;

2. adversely affect, or suggest other adverse effects on
hum ans or those parts of their environment by which they
judge quality; and

3* influence Federal O C S regulatory management decisions.

● To determine the probable cause(s) of such change(s).
,.,

Over the three-year period of this initial phase of the BS M P, the
technical approach consists OR

● Collecting the necessary bottom sediment and benthic bivalve
species.

● Performing the appropriate laboratory analyses for trace
metal, hydrocarbon and auxfliary  parameters.

● Performing the appropriate statistical analyses to test the
following null hypotheses for evaluating effects of O C S oil and
gas develop m ent-related perturbations:
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H ~ 1: There will be no change in sediment concentrations
of selected metals or hydrocarbons.

H 02: Changes in concentrations of selected m eta% or
hydrocarbons in sediments are not related to OH and gas
develop m ent activity.

H 03: There will be no change in concentrations of
selected metals or hydrocarbons in selected sentinel
organisms.

H 04: Changes ti concentrations of selected metals or
hydrocarbons in selected sentinel organisms are not
related to O CS ofi and gas development activity.

o C ollect.ing concurrent, localized physical and water quality
data to aid in the evaluation and interpretation of the data
collected.

● Evaluating the efficacy of the monitoring design based on each
year% results and to reco m mend refinements as needed.

● Evaluating the need for the addition or deletion of elements
to this core chemical program at the end of the three-year
study and to make such reco m m endations to M MS.

As in all monitoring programs, the first year of the study was devoted to
establishing of a monitoring design including the selection of sampling stations, sampling
methods, analytical targets and associated methods, and fiterpretive tools. Thus, w bile
the above study objectives and technical approaches were operative, our additional
objectives for

●

●

●

●

In

Year 1 of the study were to:

Establish a sampling design to be m odif!ied as needed based on
an assessment of sampling success and other logistical factors.

Asses the variability in the measurement of analytical
parameters resulting fro m combined sampling variability
(small scale heterogeneity) and analytical variab~ty.

Deter mine what degree of change can be validly statistically
deter mined for the contaminants of interest, given such
variability and given realities of ftnancial  constraints.

Fro m the variety of analytical measurements and their
variability y, establish a blend of effective monitoring
parameters to be focused on during subsequent hypothesis
testing to begin fi Year 2 of the study.

order to accomplish both the Year 1 and longer term objectives, a study
design (described h the next section) was initially adopted.

1.3 Des@ Rationale

G tiding the design of the field sampling, analytical and interpretive segments
of the program was the overall objective of the study: to detect changes due to O CS
activities over tim e. Thus, the placement of stations, the sampling replication scheme,
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the analytical targets chosen and the variability analysis of measured parameters,
together with eventual testing of statistical hypotheses, were geared to a monitoring
pkrilosophy. During the f!irst year of the program the monitoring design was established
without a t% m knowledge of key factors such as: 1) the environmental. variabfity in
selected analytical parameters, 2) the best choice of analytical targets and/or parameter
ratios, and 3) in the case of benthic bivalve m olluscs, the availability of animals at
selected station locations. The program began with the expectation that the initial
sa m p3ing and analytical design would most likely be refhed as actual data were analyzed.
However, prior to the acquisition of data, it was decided to establish a design which,
based on O CS activity, would maximize the ability to detect actual chemical
perturbations due to an on-going activity.

The historical data base was generated during the mid- 1970’s under
N O AA/M MS funding as part of an environmental baseline or reconnaissance philosophy,
and it was clear that while existing data might aid in station selection, these data would
not shed much light on environmental variability due to the lack of replicate analyses in
those previous programs.

The choice of sample types, bottom sediment and benthic bivalve m olluscs
stem med i%om the design workshop conclusions (Dames and Moore, 1984). Bottom
sediments were chosen since they represent a natural accumulator or sink of particulate
pollutants. Bivalves were selected because of their established utility (National Academy
of Sciences, 1983) as environmental sentinels. In this capacity, bivalves process large
amounts of seawater during normal feeding activity and accumulate water-borne
pollutants h m dilute solutions. Thus, bivalves represent a surrogate seawater sample
reflecting a time-integrated exposure regime (the direct analysis of seawater itself befig
ill-advised in a m otitoring  program due to large variability and generally 10 w ambient
levels requiring a very large volume sample to be processed).

1.3.1 sampling Rationale

In addition to the important mechanics of the actual sa m pling activity, several
major considerations entered into the design of the sampling program and will be
discussed in Section 2.2 of this report. Those considerations focused on the selection of
sampling stations and the specification of a replication scheme.

Present levels of O C S on and gas exploration and production activities, and oil
company interest in future exploration sites were considered very important in the design
of the program. This activity and interest was factored into the design through the areal
relative risk assessment proposed by the Dames and Moore (1984) report. A sum m ary of
their f!indings appears in Figure 1.1 in which ‘lo w“, “m ediu m”, “high” and “highest” risk
areas (risk in terms of probability of detecling environmental change) were de~natedo
The -=m ent for m ed an overall te m plate on the sampling design.

The rationale for the develop m ent of the sampling plan focused on the Diapir
Field Lease Sale 71 area and the joint State/Federal Lease Sale BF (Figures 1.2 and 1.3).
W e chose to consider sampling locations within state boundaries (i.e., within the 3-mile
limit) as w en. If chemical inputs to the marine system attributable to oil and gas
develop m ent are to be detected during the initial phase of the BS M P, they are likely to
occur wit~ the lease sale Ates and in nearshore areas where considerable exploration
activities have and are presently occurring (Alaska Oil and Gas Co m mission, 1983).
During the next several years large scale develop m ent is only likely to occur within state
waters. To date, exploratory drilling in Federal lease areas has been restricted to
operations sum marized in Table 1.1, although drilling permit applications have been f!iled
for other sites.

The program design rationale focused on the midfield to farf!ield regions
surrounding and adjacent to present and l%ture exploration and development activities.
Data on nearf!kld (within 1000 m of a specif!ic activity) distributions of drilling muds,
cuttings and other discharges surrounding O C S activities are acqtied as part of required
National Pollutant Discharge Elimination System

3
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Table 1.1. DriUing SitesirI  Federal Lease Areas.

LATITUDES/LONGITUDES

Existing Sites:

Exxon Beachy Petit 70023?1107911N 147%3127.98’f W
Shell-Tern Island 7oolfj!4&(3211N 147029’45.61’?W
Sohio-M u~uk Island 70041 ?0.039!IN 150055’ 11.89”W

Proposed Sites:

‘rSeal.” Prospect (Currently Being
Drilled on State Land) 70029131 C43511N

Exxon - Lease 0281 a. 7102f9.29ft N
b. 7101’38.75”N
c.71°1’55.21”N
d.71°1’7.06”N
e. 71 °0’12.44”N
f* 71 OO’51.85’1N
g. 71 OO’3I.69”N
h. 7 lo3’2.02”N
i. 7104’35.32”N
j. 7102t46.001f N
k. 70 °56’18.90’1 N

Shell - Harvard (Single Gravel
Eland) 70035 ?4.74tlN

148041’35.803° W

152°43’25.32’f  W
152°39’27.95” W
152°47’33.05” W
153026f6.99f~ w
153026r23.90~?  W
153022 $ 10.94”W
153017’28.1  6“ W
152046’21.20tt  W
152032’53.881’  w
152030t28.05t~W
151053’00.04’1 w

149005’48.804’? w



Our specific rationale for monitoring the selected stations included the
following approaches:

1. An Area-Wide approach, with a mixed placement and random
selection of stations within the “hight? and “highest” risk blocks
specified by Dames and Moore (1984);

2. An Activity-Specific approach, with stations selected do wn-
stream fio m an actual or proposed major development
activity;

3* A Gradient approach, which was incorporated as part of 1 and
2 above. As chemicals are introduced into the Study Area
fro m point sources, material wfll be distributed by physicel
processes and gradients will be established. ‘Gradients wjJl be
maintained as long as discharges continue. Station placements
in both the Area-Wide and Activity-Specific approaches w ere
designed to detect contaminant gradients. In the Area-Wide
segment, these gradients were to be examined through
establishing offshore transects skew ed in the direction of net
sediment transport direction (i.e., to the west). In the
A ctivity-Specfic approach, these gradients were sought down-
stream (to the west) of the activity at midfield to farfleld
distances (i.e., 1 to 10 miles).

4. Reoccupation of a limited number of baseline stations fho m
which data are available fkom I? O A A-O CSEA P supported
studies.

In addition to the above rationale, other design elements included: limiting
sampling to areas with water depths of approximately 2 to 25 m; focusing some attention
in the sensitive lagoon areas slong the nearshore (Sire pson Lagoon - G w ydyr Bay and
Stefansson  Sound); sampling of sedim ents and bivalves at the same stations.

Actual place m ent of stations for the Year 1 study were based on the above
four considerations.

Stations in Camden Bay, east of the C arming River, were selected randomly
within the ‘highest risk’t (block 15) and !%igh risk’! (block 16) regions (see Figure 1.1)
defined in Dames and Moore (1984). Both shallow and deeper stations were selected
randomly to examine offshore gradients within these areas.

In addition, three Shaw et al. (1979) basehe stations were chosen to be reoccupied
(Stations 1A, 1 D and 2 D ). Stations to the west of the Canning River delta (i.e., Stations
2E, 2F) were chosen to examine discharged m aterids fio m the river. These stations were
considered to be at “medium risklt due to their distance fbo m proposed exploration areas.
Stations 3A, 33 and 3 C were randomly located in another ‘f m ediu m risk!’ area offshore of
the Stefansson Sound area. These stations were selected to represent possible offshore,
f!ine-grained sediment depositional areas, reflecting possible long range transport west
&o m the Camden Bay area or east flw m the Sagavanirktok  River, Prudhoe Bay area.
Station 3 C also represents a Sha w (1979) baseline station.

The Stations 4A, 4B, 4 C and 4 D were selected to represent a transect offshore
fro m the Stefansson  Sound (Boulder Patch area). This location was selected to cover two
possible scenarios: 1) that this transect represented an upstream reference when
considering the Endicott Field development; 2) that this transect would reflect
storm -driven eastward chzlf’t of Endicott discharges if indeed net transport was to the
east. N earshore sediment and water transport is not known well enough to differentiate
between these two possibilities. The northern- most station (4 D ) in this transect a3so
represented a Kaplan and Venkatesan [1981) baseline station.
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Stations 5(1 ), 5(2), 5(5) and 5(10) were selected as part of the activity -specif!ic
rationale to represent a possible transect downstream of the Endicott Field development.
Stations 5F and 5 G were specifically placed to correspond with baseline stations of Sha w
(198 1). These stations were also considered to be in the “highest risk” area. A series of
stations was selected to examine possible distributions of chemicals fbo m the Seal Island
vicinity. Station 5 A was selected as a midfield monitoring site for the Seal Island activity
and 5B and 5 E were rando mly placed, generally corresponding to farfleld stations
IIdownstrea m N ~ m the sea ~nd, Endicott and general Prudhoe Bay activities.

In the Harrison Bay area stations were randomly placed within the %ighfr and
“highest risk” areas. Stations 6B, 6 C, 6 D and 6E were selected to generally represent an
offshore transect fio m the major seasonal discharges of the C olvil.le River. T w o stations
(6A and 6B) were chosen to reoccupy a Shaw (1979) baseline station. Stations 7 D (Sha w
baseline station) and 7F (Kaplan baseline station) were selected to represent stations
downstream flm m the exploration activity off Cape H elkett.  In addition, seversl  stations
(7A, 7B, 7C, 7E, 7G) were randomly selected in the West Harrison Bay region, an area
classified along with the Cape H alkett/Pitt  Point area as one at %ighest risktl due to
industry interest and potential exploration activity.

All of the above station selections were made according to the basic strategy
of selecting most stations in “high’1  and Wighest risklf area vis-a-vis  potential industry
activity, and according to the “area-wide” and “activity-specitic”  strategies. O bviously
these stations were selected randomly (except for those corresponding to previously
occupied baseline stations) prior to actuel data acquisition. It was anticipated that, based
on the first year% results, stations might have to be moved, eliminated or additional
stations added.

W bile the above design rationsle  holds for sediments and bivalve sa m pies,
several specific considerations should be noted for the bivalve collections. A limited
number of sampling stations were selected for bivalves. Unlike the sediment sampling, in
which sediments are available fro m all stations, bivalve distributions in the Beaufort Sea
are uneven and species co m position changes as one m eves offshore. Based on the best
available bivalve distribution data, and abundance of species co m position and animal
sizes, a target list of bivalves suitable for chemical anelyses was developed:

1. N earshore Area: Cyrtodaria kurriana
P ortlandia arctica
Liocy m a fluctuosa

2. Offshore Area: Arctinula groenlandica
M aco m a calcarea
Portlandia arctica

Methods for collection are described in Section 2.2.

In order to form the foundation of a statistically valid monitoring program, a
degree of replication was essential to the sampling design. Based on information avAlable
on the variability of environmental. chemical measurements fio m other areas, the degree
of areal coverage desired (i.e., number of stations), and budgetary constrtits inherent in
any environ mental monitoring program, a degree of replication (four replicates per
stations, later increased to six) was incorporated into the Droma m. as was a degree of
oversa m pling, (eight replicates collected) \o sJlo w for any “po&ible’ additional analytical
data points if required in the future.

1I
1.3.2 Analyla‘cal Rationale

1 The analytical targets were chosen on the basds of their importance vis-a-vis
their toxicity and on the basis of being indicative of O C S oil and gas exploration, and
production activity d&charges. The analytical program focused on trace metals, specific

I
individual petroleum hydrocarbons and, regarding sediments, two key au~rY
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parameters, totel organic carbon, and sediment grain size distributions that are used as
geoche mical tools in interpreting metal and hydrocarbon distributions. O C S activities
may result in the permitted and accidental discharges of m aterids through dri!ling mud
discharges, produced water or formation water discharges, or accidental spillages. The
relative importance of these discharges and their chemical and physical co m position is
sum marized & Table 1,2.

The metals analytical program focused on barium (Ba), Chromium ( Cr), Zinc
(Zn), lead (Pb), copper (Cu), cadmium (Cd) and vanadium (V), while the hydrocarbon
program focused on total hydrocarbon content as well as detailed saturated hydrocarbon
(norm al and isoprenoid alkanes) and aromatic hydrocarbon (homologous series of two- to
five-ringed polycyclic aromatics) distributions.

A more extensive discussion of
found in Section 1.5.

1.3.3 Data Analyses and Hypothesis Testing

As discussed in Section 1.2, the

exploration and develop m ent discharges is

overall objectives of the three-year study
centered on statistically testing four hypotheses concerning temporal trends in
contaminant inputs and sources of these inputs reflected in sediment and bivalve
analytical contaminant findings.

The data analysis task in the first year’s program involved two activities: 1 )
deter mining the variability in observed m etel and hydrocarbon parameters at each station,
and 2) exa miming the geoche mical (sediments) and biogeoche mical (bivalves) data to
determine the sources of m aterie%  and factors affecting their observed distributions. The
first actitity  involved an examination of the data to determine their statistical qualities
and the distribution (nor m al or non-nor real.) of the results. Once determined, the
variability in che m icsl parameters and parameter ratios could be ascertained, followed by
an assessment of the ability to validly detect subsequent changes in these parameters
through the existing replication scheme. Which parameters or ratios should be focused on
in subsequent year’s hypotheses testing would then be determined &o m a combination of
variability analysis and geoche mical deter minations.

1.4 Study Area Background

1.4.1 The Diapir Field

The B eaufort  Sea, a part of the A retie Ocean, lies north of Alaska and western
Canada at latitudes m ost.ly higher than 70° N. h U.S. federal waters, the Diapir Field Oil
Lease Planning Area covers more than 21 million hectares containing 9,649 potential lease
blocks. The Federal Planning area extends &o m the 4.8 km geographic federal/state
boundary to approtim ately 73°N latitude (6o m water depth) and &o m the disputed
U.S./C anada jurisdiction line (approximately 1410 W longitude) to 1620 W longitude in the
C huckchi Sea to the west. The first lease offering in the area was the joint Federal/State
Beaufort Sea Ofl and Gas Lease Sale (BF) held on December 11, 1979. Twenty-four
federal and 62 state tracts were leased for a primary lease term of 10 years.

The second federal lease oflering (Sale 71) was held on October 13, 1982. The
Lease Sale 71 area lies between 146.00 w and 153.300 w longitude. Of the 338 tracts
offered, 125 received bids and 121 tracts were leased, covering an area of 268, 450
hectares. The third lease offerings in the Diapir Field was held in August, 1984 and lease
offering 97 is scheduled for June, 1986.

By the end of the 1984-85 drilling season, at least 34 exploratory wells had
been drilled in State land that was leased prim arlly in the Stefan~on Sound and Simpson
Lagoon areas. Nine exploratory wells had been drilled in Federal land that was leased in
the Sales B F and 71 in Stefansson Sound, Harrison Bay and Pitt Point areas (see Figure
1.4). During the next driXing season, two exploratory wells may be drilled in blocks that
were leased during Sale 87 in the Camden Bay area. This offshore exploratory drilling
activity has led to the following discoveries and planned development.
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Table 1.2 -cat potenti Sources of Contaminank3 From O CS Opera15ms

Petroleum Other Trace
Activity/Source Hydrocarbons Organics Metals solids

Exploration/ D rIlling + (++)a ++ +++ i-+++
Muds and Cuttings

Production/Produced +++ ++i- ++b +
Waters

Exploration & Production/ ++++ ++ + +
Petroleum Spi21ages

a

b
++++
+++
++
i-

Ofl-based muds or diesel additives; also cuttings may contain higher layers of
for m ation hydrocarbons.

Very variable; may be more significant in some instances.
Most important contaminant.
Very important contaminant.
Contaminant of lesser im portance.
Detectable contaminant.

I
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On May 5, 1982, Sohio and E:’ m announced tentative plans to develop the
Sagavanirktok River/Duck ~nd area by tapping the Endicott reservoti. Figure 1.5
illustrates the proposed development. The Endicott  project is designed to support up to
200 production wells over the life of the field. Daily production is estimated at 75,000 to
150,000 barrels (12,000-24,000 cubic m) of oil and 250 million cubic feet (7.1 million cubic
m ) of natural gas.

h January 1984, Shell Western announced the ~covery of a new ofi reserve at
its Seal Island prospect (Figure 1.6). Results of initial delineation drilling, released in
July 1984, were &sued along with conservative estimates by Shell that the discovery held
reserves in the range of 300 milJion bamels of oil--one of the largest Finds in North
A m erica in the past decade.

In January 1984, A R C O co m mitted itself to developing the Lisburne oil field
on the northwest edge of the Sadlerochit formation (Figure 1.7). Estimates are that the
reservoir holds bet w een 1 and 3 billion barrels of ofi The complicated geology of
Lisburne  will necessitate the drilling of 180 wells &o m six new drill sites. One of the
Ates will be a gravel island approximately 13,000 feet offshore in Prudhoe Bay, as shown
in Figure 1.7.

1.4.2 The Physical Environ m ent of the Study Area

The near-shore coastal zone of the U.S. Beaufort Sea contains abundant
narrow, low, sand and gravel barrier islands, particularly bet we en Harrison Bay and
Cam den Bay. In addition, there are numerous east-west oriented shoals which probably
are extensions of the barrier island chain. Several small to medium size rivers discharge
to the Beaufort Sea south of the Diapir Field. These include, &o m east to west, the
C arming, Shaviovik, Kadleroshilik,  Sagavanirktok, Putu3igayuk, K uparuk and C olville
Rivers. The hrgest is the Colville  River. Runoff ~o m the rivers is highly seasonal with
approximately 80 percent of the estimated total annual runoff of 40 k m 3 to the Alaskan
Beaufort Sea occurring in June (Antonov, 1958). The spring runoff carries high loads of
suspended sediment. Naidu and Mo welt (1974) have estimated that sediment discharge
fro m the Colville River slone is 4.5 to 9 miJli,on metric tons per year. The sediment may
be carried more than 100 km ITO m the river mouth and be deposited in water depths up to
40 m.

Because spring runoff to the Beaufort Sea begins in May before breakup of
shore-fast ice, the river discharge flows out over the sea ice, flooding large areas out to
at least the barrier islands (Barnes and R eim nitz, 1972; Cannon, 1981). The fkesh water
flow, carrying high concentrations of suspended sediments then drains through cracks and
holes in the ice during breakup of the shore-fast ice. The fresh water may drsin quite
forcefully through cracks in the ice causing strudel scouring of seafloor sediments. The
resulting depressions may be up to 25 m in diameter and 4 m deep (R eim nitz and Barnes,
1974).

The outer continental shelf of the Alaskan Beaufort Sea is quite shallow. In
most areas, the shelf break occurs at a water depth of about 60 m, but in some regions,
the shelf extends out to 200 to 800 m (Sharma, 1979; Grantz et aL, 1981). The average
depth of the Alaskan Beaufort Sea continental shelf is only 37 m. Its width ranges fio m
55 km ti the east to 110 km in the west. The main phyaiographic features of this
continental shelf include a gently sloping inner shelf (0.060 slope) extending &o m shore to
the 30-m isobath,  a slightly steeper outer shelf (0.90 slope) between the 30 and 60 to 70 m
isobaths, and a steep continental slope.

Water depths of the Diapir Field lease tracts range &o m 5 to 40 m, with an
average of 16 m. At the present time, exploratory dri31ing ti restricted to water depths of
20 m or less Nom barrier islands, man-made gravel islands or artificially-created ice
islands. However, the N ationsl Petroleum Council (1981) has suggested that technology
and relevant experience are now or soon wfll be avaflable to operate safely in water
depths up to 60 m in the more extensively ice-covered areas of the Beaufort Sea.

A do mtiant oceanographic feature of the Beaufort Sea is sea ice. In the
Diapir Field Planning Area there are three major zones of winter ice: the landfast ice
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zone, the Sta m ukhi zone, and the pack ice zone. The Planning Area is primarily in the
landfast ice zone, which extends fio m the shore to the grounded ridge ice or Sta m ukhi
zone. The Sta m ukhi zone tlrst forms in about 8 to 15 m of water and by late winter may
extend out to 20 to 30 m water depth, depending in part on the coastal geometry (Barry,
et al., 1979). The shorefast ice reaches a thickness of about 2.0 to 2.4 m. It can be
divided into a nearshore zone of’ bottom-fast ice out to water depth of about 2 m and a
seaward zone of floating ice.

In the Alaskan Beaufort Sea, new ice generally begins to form from about mid-
September to October and the tit continuous sheet of fast ice has formed by mid-
October (Barry, 1979). A stable shorefast  ice sheet extending to about the 15-m isobath
persists fro m January/February to April/ May. Breakup may begin in late June or early
July and usually is complete by the beginning of August. At Point Barrow, breakup has
been observed to occur as early as June 15 or as late as August 22, while fall freezeup has
been observed to occur as early as September 3 or as late as December 19. By late
August or early Septe m her, an ice-free zone usually extends 20 to 25 km offshore but may
extend offshore to about 100 k m in the region of Harrison Bay (Pritchard and Stringer,
1981). However, sum m er storms may drive pack ice into the shore.

Offshore, there is an ice shear zone where the relatively im mobile shorefast
ice encountem the highly mobile arctic pack ice. This zone is called the Sta mukhi zone
and & characterized by the pile up of the opposing ice sheets into vertical ridges which
may extend downward as much as 30 to 40 m. Significant ice scouring of bottom
sediments occurs in this zone.

Sea ward of the the Sta m ukhi zone is the pack ice zone, which contains flrst-
year ice up to about 1 m thick, multi-year ice flo WS, ridges and flo wbergs, and ice islands.
The pack ice is not continuous but is broken by fractures, leads and polynyas.  U rider the
influence of storm wtids and ocean currents, the pack ice drifts at a rate up to about
7 kmldv and =CmtiOn=Uf  to 32 kmldw (W@m md BWY, 1978). The net movement of
pack ice in the Beaufort Sea is from east to west in response to the Beaufort Sea gyre.

Water currents in the Diapir Field Planning Area are m airily wind-driven.
Tides are se midiurnal with an a m plitude of only 15 to 20 cm (Mathews, 1981; Northern
Technical Services, 198 1), and do not contribute substantially to cument flo WS, especially
in the sum m er. The nearshore wind-driven current regime extending out to the 40 to 50 m
isobath flows predominantly toward the west parallel to local isobaths during normal
conditions, but may reverse during storms (K OZO, 198 1). Current speeds during the
sum m er may range &o m 2 cm/see during normal conditions to more than 95 cm/see during
storms. Off the Sagavanirktok  River delta at 5.5 m water depth, mean current speeds
were 13 c m/see and maximum velocity was 53 cm/sec during August-September, 1976
(Barnes et al., 1977). Under the ice in water depths of 5 to 8 m current speed averages
about 2 cm/see with occasional pulses to 10 cm/see. H o wever,  near the edge of bottom-
fast ice at about 2 m depth, prism effects can cause 10 to 15 cm/see tidal currents
(Bar’nes,  1981).

Coastal waters of the Alaskan Beaufort Sea tend to be salinity+tratif!ied,
particularly near the mouths of rivers and out to the 6-m isobath. In the sum m er, the
war m er fhesh water &o m river input lies over the colder more saJine ocean water. In
general, mean sum m er seawater salinities in the near-shore Beaufort  Sea range fho m 1 to
30 ppt (Barnes et aL, 1977; Kozo, 1981). Surface water temperatures in August-
September range fro m about -0.9 to 7.5° C, averaging about 1.7° C ●

1.4.3 The Trace Metal and H ydmcarbon Geoche mical Environm ent

Several recent studies have exa mfied the distribution of hydrocarbons and
m etak in Beauf’ort Sea sediments (Shaw et &, 1979; Kaplan and Venkatesan, 1981;
Venkatesan and Kaplan, 1982; Naidu et A, 1981). Shaw et aL (1979) examined the
hydrocarbon geochemistry of nearshore sediment along a transect from Point Barrow to
Barter Island. Total hydrocarbon concentration in the nearshore range between 0.3 and 20
Ug/g dry sediment. The saturated hydrocarbons are dominated by n-alkanes  ranging in
chain length bet w een 23 and 31 carbon atoms with a strong odd-even preference and no
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unresolved complex mixture (U C M ) evident. This distribution is consistent with a
prevelent  biogenic input of terrigenous plant material, most likely resulting ilro m
transport of riverine  suspended particulate matter during the spring runoff. Sha w et al.
(1979) *O examined sources of aromatic hydrocarbons in nearshore sediments using the
alkyl ho m olog distribution of selected aromatic hydrocarbon series determined by G C/ MS.
Distributions characteristic of both pyrogenic and petrogenic or&ins were observed, with
the geographic distribution of pyrogenic  aromatic co m pounds indicative of a long range
transport source of anthropogenic  combustion products rather than locelized inputs. Their
anelysis also ruled out natural seepage or spills of Prudhoe Bay crude ofl as the source of
aromatic hydrocarbons in the region.

The hydrocarbon geochemistry of the Beaufort Sea Outer Continental Shelf
(O C S) has been studied by Kaplan and Venkatesan (1981), and Venkatesan and Kaplan
(1982). The range of total hydrocarbon concentrations reported was 20 to 50 ug/g dry
sediment, which is slightiy  greater than that found in the nearshore sediments. Whether
these differences are due to differences in the analytical methods employed or to a
greater abundance of fine-grained, organic-rich sedim ents in the O CS region was not
investigated. As with the nearshore sediments, the major source of saturated sedimentary
hydrocarbons was found to be higher plant debris, with no evidence of a U C M indicative of
anthropogenic inputs. A marine biogenic origin for some of the organic matter was also
indicated by the occurrence of the hydrocarbons pristane and n-heptadecane. The
occurrence of several alkanes, together with steranes, diterpanes and triterpanes also
attested to the biogenic origin of the organic matter. Measurable concentrations of
aromatic hydrocarbons were found in slm ost all. the Beaufort Sea O CS sediments
examined. The distribution of alkylated  ho m ologues determined by G C/MS was found to
be characteristic of a pyrogenic  origin. The available organic geoche mical data for the
region indicate that hydrocarbons found in nearshore and offshore sediments originate
prim arily through natural processes, with little evidence of anthropogenic petroleum
inputs.

The geochemistry of several metals (Fe, Mn, Cu, Co, Cr, Ni, V and Zn) was
examined by Naidu et al. (1981) in four depositional regions of the Beaufort Sea (O CS,
Harrison Bay, Simpson and Beaufort lagoons). Concentrations of all m eteJ9 in O CS
sediments were greater than those found in the nearshore or the coastal lagoons. Total
metal concentrations in sediments of the arctic lagoons were co m parable with those of
non-polluted temperate sectim ents. Neither vanadium or nicke~ m etds which might be
indicative of petroleum contamination, exhibited a regional geographic distribution
consistent with localized petrogenic inputs. Other studies of metal distributions in O C S
sediments have been conducted by Sweeney (1984) and Robertson and A be.1 (1979).

Data on the concentrations of m etak and hydrocarbons in bivalves &o m the
region  are sparse with Sha w et al. (1979) presenting so m e evidence attesting to Very lo W ~evek
of hydrocarbons in bivslves  &o m the area.

1.4.4 The Sedimentological  Environment

The sediment characteristics of the lagoons along the Beaufort Sea coast have
been studied by Naidu et sL (1984). Primary sources of sediments in the Diapir Field are
riverine input of suspended particulate matter, erosion of coastal bluffs, and ice rafting.
The riverine and erosional partictites  include a significant concentration of, tundra peat
(Schell, 1983) which may contribute significant amounts of organic carbon and fossil
hydrocarbons to coastal sedim ents. It has been estimated that 700 metric tons of peat per
k m per year enter the B eaufort  Sea from coastal erosion. N earshore surflcial sediments
are predominantly mud ( Grantz et al.., 1982; N aidu, 1982). C oarse-grained sand and gravel
sediments in nearshore areas are primarily relict deposits. In some areas,the  sandy and
muddy substrate is interrupted by aggregations of cobbles and boulders, termed boulder
patches. These boulder patches usually contain a single layer of boulders about 70 cm
thick (Duntan et aL, 1982). The dominant clay mineral in Beaufort Sea sedim entg is illite
(Naidu, 1982). Major mechanisms of large scsle sediment transport and dispersion in the
region include: transport in suspension; on-ice transport fho m river overflo WS; storm -
driven bed transport; and ice rafting and in-ice sediment transport (Sharm a, 1983).

18



Transport and deposition of coastel sediment are influenced by seasonal
variations in hydrodynamics and sediment supply. During winter months, nearshore
sediment transport nearly ceases, while considerable ice gouging, occurring in the
Sta m ukhi zone at water depths of 15 to 45 m, acts as the major sediment disturbance
~rther offshore (Barnes et al., 1984). At spring breakup, the ice cover nearshore is
subject to high turbid riverine overfl.o  ws. The C olville River is the largest single source
of material and, during a three-week period in the spring, can discharge 74 percent of its
annuel load (N aidu et al., 1984). Sedim enkthn rates  in the Wwns have been estimated
to range from 0.5 to 1.6 cm/yr.

Prevailing westerly winds occurring h the open water season transport river
plum es and resuspended bottom sediment westward. Westerly storms, characteristic of
the late sum m er=fall can account for cataclysmic beach transport and net shoreline
erosion amounting to as much a 1500 m 3/day or overall a net erosion and transport rate of
1-4 m/yr (Hume and SchaJk, 1967; Short et Xl., 1974).

Other co m m only observed sediment transport processes include ice-scouring
and sediment rafting. Sam pies of sea ice show a sediment concentration range
of 40 to 73o m g/L melted ice which is far meater than a m bient seawater suspended loads
of approximately 1 m g/L. (Naidu et al., 1984). Suspended loads may be
greater (1 O to 100 m g/L) during flash floods.

1.4.5 The Biological Environ ment

The major sources of primary production of the Beaufort Sea food web include
terrestrial vegetation (prim arily peat), phytoplankton, eponic algae (living on or near the
under-surface of the ice), attached m acrophytes  (especially in boulder patches), and
benthic microalgae (Schell  and Homer, 1981). It is at present uncertain whether
microalgae or organic detritus, derived in part from peat are the major sources of
nutrition for consumers (Sche~ 1983).

The nearshore benthic  infauna and epifauna are extremely .depauperate due to
seasonal scour &o m bottom fast ice (Broad, 1979). Similar scouring resulting in
depauperate benthic fauna may occur in the depth interval of 15 to 30 m due to ridge ice
in the Sta m ukhi zone. These regions do contain s m all populations of annual species or
juvenile im migrants h m adjacent unscoured zones. B enthic faunal diversity increases
with water depth sea ward Nom the bottom fast ice zone, with the exception of the
Sta m ukhi zone. D o minant taxa include polychaetes,  ga m m arid am phipods, isopods, and
bivalve m ulluscs.  The highly motile forms such as am phipods and isopods  may invade the
area in large nu m hers during the open-water season ( GrifYiths and Dillinger,  1981;
Northern Technical Services, 198 1). Infaunal bio m ass ranges fho m a mean of 3.1 g/m 2 in
waters less than 2 m to 42.05 g/m 2 in coastsl lagoons, and 30.6 g/m 2 at water depths to
2 to 20 m (Wacasey, 1975; Broad et ~ 1981). Higher trophic levels, including a wide
variety of marine and anadro m ous ffih as wall as the bow head whale, apparently depend
prim a&iy on epibenthic and planktonic crustaceans for sustenance and there is little
concrete evidence of benthic-pelagic  trophic coupling in the nearshore B eaufort  Sea.

1.5 Potential Environmental Effects of Off%hore
(Xl and Gas Dev&lopm ent

During exploration for and develop m ent of offshore ofl and gas reserves on the
outer continental shelf of the U.S. B eaufort Sea, there will be physical disturbances and
generation of a variety of solid and liquid wastes, some of which will be discharged to the
ocean (see Table 1.2; Section 1.3). Such discharges are regulated by the Environmental
Protection Agency (EPA ) through issuance of National Pollutant Discharge Elimination
System (N P D ES) permits in compliance with provisions of the Clean Water Act (Federal
Water Pollution Control A et, as amended: 33 U.S. C. 1251 et@. Liquid and solid wastes
that may be permitted for dscharge  to the ocean includ= drilJing  fluids, drill cuttings,
deck drsinage, sanitary and domestic wastes, several non-contact or clean once-through
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process waters, and produced waters. Produced water and other waste waters possibly
containing ofl are processed through an oil-water separator w~e sanitary sewage is
treated in an activated sludge treatment system before discharge. Treated waste water
containing up to 48 pp m ofl and grease is presently permitted for discharge to the ocean.
However, New Source Perform ante Standards (N SPS), which have been proposed by E PA,
include a dtiy maximum of 59 PP m and a m ont~ average of 23 PP m On and grease
(William Teud, Ep A, Washin@on, DC, pe~onal. communication). The chemical
contaminants associated with various O C S operations are sum m arized in Table 1.3.

The major per mitted discharges (in terms of volume and environmental
concern) associated with exploration and develop m ent drilling are drilling fluids and drill
cuttigs. During development driJling  of a field, the usual practice is to bring wells into
production as they are drilled. Thus, drilling and production go on .sim ultaneously &o m a
develop m ent platform during much of the development phase. The major effluent, often
associated with oil and gas production, is produced water. Ocean dispossl of treated
produced water is permitted in the Gulf of Mexico, in some regions off southern
C aliforria and in Cook Inlet, Alaska. Currently there is some doubt and considerable
debate about whether such discharges w~ be permitted in the Alaskan Beaufort and
Bering Seas.

Exploration and develop m ent drilJing  will take place &o m bamier islands, man-
made gravel islands, artificially-created ice islands or reusable concrete island drilling
systems (CID S). Other platform designs and configurations, compatible with the harsh
B eaufort Sea conditions are under design and consideration. During development of a
f!ield, fkom 10 to 50 and occasionally up to 100 wells may be drilled fio m each platform.
Preliminary plans for unitization of the Endicott Reservoir off the Sagavanirktok  River,
the first proposed offshore develop m ent in the Alaskan Beaufort Sea, cdl. for the
construction of two gravel islands. As many as 80 wells may eventually be drilled from
each island (R ed burn and Wheeler, 1983). One or OcCaAOn~Y two we~ Can be wed at
a time from each platform and each well may require two to six months to drill. Thus
develop m ent of a field may take as long as 20 years.

Two other impact-causing agents associated with offshore ofi and gas
develop m ent should be mentioned. The physical presence of the platform or artificial
island, or the added bottom relief provided by a pfie of drill cuttings on the bottom
produces a reef effect (Davis et al., 1982). Reef-associated foraging fish are attracted to
the structure and may produce profound effects on the benthic eptiauna and infauna
through predation. Accidents during field develop m ent and production may result in oil
spills or even blowouts which would represent acute, possible massive-scale inputs of
petroleum to the shallow Beaufort Sea.

1.5.1 D- Fluids and Cut-

Drilling fluids are specially for m ulated mixtures of natural clays and/or
POIY m ers, weighting agents and other m aterids suspended in water or a petroleum
m ateriXL Water-base, but not oil-base drilling fluids may be allowed by N P DES permit to
be discharged to U.S. coastal and O C S waters. Water-base dr5J3ing  fluids (in which the
continuous phase is fresh- or seawater) are used almost exclusively for drilling in U.S.
coastal and O CS w stem.. The five m ejor ingredients in water-base drUJing  fluids (barite, -
bentonite clay, lignosulfonate,  lignite, and caustic) account for over 90 percent of the
totzil  mass of additives used in water-base drilling fluids (P erricone, 1980). The other
m @r ingredient is fkesh w ater or seawater. The rem aining ingredients include a wide
variety of specialty additives used to solve particular do w n-hole problems. Fro m an
environ mental perspective the most important of these include diesel oil or mineral oil
(O. 1 to 4 percent sometimes used for fluids control or to im prove the lubricating
properties of the mud when drilling a slanted hole), chro m ate salts, surfactank!,  and
biocides.  Current N P D ES permits for the Beaufort Sea prohibit discharge of drilling fluids
containing diesel oIL, mineral. oil, chromates or chlorinated phenol biocides.

When N P DES permits were granted for offshore drilling on the mid-Atlantic
outer continental shelf in 1978, the Offshore Operators Co m mittee Task Force on
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Table 1.3 Major Permitted Discharges and Potential ImpacfiCausdng Agen& Associated
With Offshore Oil. and Gas Explmation in the Beaufort  Sea.

● Physical Structure of Platform or Artificial Eland

● Drill Cuttings - 1100 m t/Exploration W en, Less for Development Well

O Drilling Fluids - 900 m t/Exploration W en, 25 % Less for Development Well

● Cooling Water, Deck Drainage, BeJlast Water - May be Treated in an
Oil/ Water Separator

● Domestic Sewage - primary Activated sludge Treatment

● Sacrificial. Anodes, Corrosion, A ntifotig  Paints - May Release S m all.
A mounts of Several Metals (Al, Cu, Hg, Sn, Zn)

● Produced Water (Production Only) - Treated in OWW ater Separator to Reduce
Total Hc to Mean of 48 ppm, Daily Max. ‘?2 ppm.

I
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Environ mental Science, and EPA Region II developed a list of eight general or genetic
drtlling  mud types that included virtutiy all types of water-base muds co m m only used on
the U.S. O CS. The genetic mud concept has been incorporated into N P DES permits issued
by EPA Regions I, II, III, IX, and X (including Alaska) and is under condderation for future
permits in other regions (Ayers et al., 1983). Bioassays  performed according to the EPA
Region II protocols are conducted on field sa m pies of muds representative of the eight
genetic dr5JJing fluid types. Operators then may be eJlo w ed to discharge drilling fluids of
the eight generic types without conducting additional bioassays. If specialty additives are
used, bioassay and approval of the E P A R egionsl A d ministrator is required before the
muds containing additives are discharged to the ocean.

Barite (barium sulfate) is used as a w eigh~g agent h d-g fluids. It h= a
density of 4.1 to 4.3 g/cc and a volubility in seawater of about 50 to 52 ,ugAiter  as Ba
(Burton et al., 1968; Chan et al., 1977). The amount of barite added to a dWling mud may
vary fro m O to about 2 kg/3iter (700 lb/bbl) and usueJly increases with depth of the well
(National Academy of Sciences, 1983).

Bentonite clay (sodium m ont m orillonite), or sometimes attapulgite clay, is the
major ingredient of most water-base drUing fluids. It is used to maintain the gel strength
required to suspend and carry drill cuttings to the surface. It also helps coat the wall of
the bore-hole preventing loss of drilling fluids to perm cable formations.

Lignosulfonates are organic polymers derived &o m the Iignin of wood and are
byproducts of the wood pulp and paper industry. When co m plexed with certain inorganic
ions such as chromium, iron, or cslciu ❑ , they are effective in preventing flocculation of
clays. They are used to control the viscosity of drilling fluids. Chrome or fewochro m e
lignosulfonate  is used most frequently in water-base muds for offshore drilling. Lignite (a
soft coal) is used with Iignosulfonate  as a clay deflocculant and filtration control agent.

Caustic (sodium hydroxide) is used to maintain the pH of drilXng fluid in the
range of 10 to 12. A high pH is needed for optimum clay deflocculation  by chrome
Iignosulfonate,  and to inhibit corrosion of driIl pipe and growth of hydrogen sulf!ide-
producing bacteria.

Several metals are found in drilling fluids (Table 1.3). The m eta Of m tier
environ mental concern, because of their potential toxicity and/or abundance in drilling
fluids, include arsenic, barium, chromium, cad miu m, copper, iron, lead, mercury, nicks
and zinc. Some of these metals are added intentionally to drilling muds as m etsl salts or
organo m etallic  co m pounds. Others are trace contaminants of major dWling mud in-
gredients. The metals most frequently present in drilling fluids at concentrations
significantly higher than in natural marine sediments include barium, chromium, lead, and
tic (Table 1.4).

Barium in drilling fluids is derived almost exclusively &o m barite. Bentonite
clay may also may contain some barium.

Chromium in d-g fluids is derived primarily from chrome and ferrochro  m e
Iignosdfonates. Different brands of chrome or femochro m e Iignosulfonate may contain
from 1,000 to 45,000 mg/kg chromium (Neff, 1982). Barite and lignite may also contsin
some chromium. W addition, inorganic chro m ate salts sometimes are added to drilling
fluids for stabfiation of chrome Iignosulfonate  at high temperatures, corrosion control,
or H 2S-scavenging. Used offshore, drilling fluids may contain 0.1 to about 1,400 m g/kg
dry weight and rarely to about 6,OOO m g/kg total chromium. Chromium co mplexed to
Wnoswanate ~ fi the +3 v~enci state (Skeuy and Dieb~, 1969). H exav~ent  ChrO miu m
added to drillhg muds is quickly reduced to the trivalent state by the Iignosulfonate  and
becomes absorbed to the clay &action (M c A tee and Smith, 1969). C hro m e-l@nosulfonate-
clay complexes are quite stable at normal operating temperatures. A hove about 150° C,
these complexes begin to break down, due to thermal degradation of lignosulfonate.

Most of the other metals detected in some &_Wing fltids (mercury, lead, zinc,
nickel, arsenic, cad m iu m, and copper) are present primarily as trace impurities in barite,
bentonite, and sedimentary rocks in the form atdons penetrated by the drill. The average
concentrations of these metals in marine sediments are as high as or higher, in most
cases, than their concentrations h driIling muds (Table 1.4). The m etdlic  impurities in
i m pure barite are associated with highly insoluble sulfide mineral inclusions, particularly
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Table 1.4 Concentration R angea of Several Metals in Natural Mar5ne Sedim en~ and
Drilling Fluids ftm m Alaskaa. Concentratims  are in mg/kg Dry Wt. (ppm).

Sediments
Alaakan O CS

M e&il Drilling MUdS Norton Sound Beaufort Sea

*Bariumb 520 - 360,000 350 - 500 135 - 4,200

*chromium 17 - 1,300 30- 80 4- 110

Cobalt 38- 52 20 - 30 13 - 53

Copper 1.5- 88 20 - 50 16 - 53

Nickel 4 4 -  8 8 20 - 45 30 - 5 0

Strontium NA 200 - 300 NA

* zinc 3 4 -  3 8 9 5 0 -  1 1 0 6 5 -  1 0 3

Ii-on 9,420- 76,300 NA 13,800 - 30,000

Manganese 138 - 350 NA 138 - 258

*Lead 2.4 - 106 NA 3 - 2 1

Vanadium 16o - 235 NA 55 - 155

Mercury 0.015 -  0.217 NA NA

Cadmium 20.02 - 1.80 NA NA

a Data fkom NO RTEC, 1981, 1982, 1983; Sharma, 19’79; Ecoinar,  1983.
b Barium values obtained by A A and may be 10 w.
N A. Not analyzed
* May be present at substantially higher concentration in drilling fluid than in sediments.
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with sphelerite  (ZnS) and galena (PbS) in it (Kramer et al., 1980; MacDonald, 1982).
Mercury is of particular concern because of its high toxicity. Although mercury fl-o m
mercuric sulfide can be m ethylated to highly m obfle and toxic m ethylm ercury co m pounds
by sediment bacteria, the speed and efficiency of this transformation * only 10-3 times
that of m ethylation of ionic Hg+2 (Fagerstro m and Jernelov, 1971) and the rate-limiting
step appears to be oxidation of sulfide to sulfate (Gawk and Ferguson, 1972). Thjg
reaction will be oxygen-~ mited in most m mine sediments. Pipe thread co m pound (pipe
dope) and drill collar dope may contti several percent m etellic lead, zinc, and copper
(Ayers et al., 1980a). Some pipe dope gets into the drilling mud. However, met~ fYO m
this source are in the form of f!ine metallic granules and are biologically relatively inert.
Finally, inorganic zinc salts, such as zinc carbonate, zinc chro m ate, or zinc sulfonate  may
be added to drilling muds as H 2S scavengers. In such cases, zinc is precipitated as zinc
sulfld e.

DrUl cuttings are particles of crushed sedimentary rock produced by the action
of the drill bit as it penetrates into the earth. Drill cuttings range in size fio m clay to
coarse gravel and have an angular configuration. The& chemistry and mineralogy reflect
that of the sedimentary strata being drilled.

During drilling of a typical 3,000-m, offshore exploration w en, approximately
900 metric tons of drUling fluid solids and 1,100 metric tons of drill cuttings will be
discharged. Slightly smaller amounts of drilling fluids and cuttings are discharged during
drilMg of a development w en.. Drill cuttings are discharged more or less continuously
during actual. drilling, which may actually occur only one-third to one-half the time during
a two to three month drilling operation (Ray, 1979). Discharged cuttings may
contain 5 to 10 percent drilling fluid solids. Whole used dri.Uing  fluids may be ticharged
intentionally in bulk quantities several times during driIling and at the end of the drilling
operation.

Uriless  restricted by N P DES permit, the rate of bulk drilling mud discharges
“ranges from 500 to 2,000 barrels per hour and may require 0.5 to 3 hours (Ayers et al.,
1980b; Ray and Meek, 1980). Some permits for the Beaufort Sea include a rate limit of
1,000 barrels per hour and require predilution  (1 O-fold with seawater) under some
conditions.

Exploration and develop m ent driUing is expected to take place in several O CS
regions of Alaska h the next 10 years (Table 1.5). Most activity Ls expected to take place
in the Beaufort and Bering Seas. If all 128 exploration and development w elJs projected
by the Minersds Management Service for the Diapir Field for the next 10 yeara are drilled,
then a totsl of approximately 215,000 metric tons of drilling fluid and cuttings solids
would be discharged. Substantial additional drilling w~ take place in state waters.
Several major develop m ent projects are being considered in the Beaufort Sea, including
the Endicott, Seal Bland, and Lisburne fields. More than 100 wells could be drilled in the
Endicott Field alone.

A water-base drilling fluid is a slumy of solid particles of different sizes and
densities in water. Drilling fluid additives may be w ater~oluble, colloidal, or particulate.
Clay, silt, and cuttings have a density of about 2.6 g/cc. Silt and unflocculated  clays
settle in calm seawater at estimated rates of about 1.4 x 10-2 to 5.8 x 10-5 c m/see
(S m edes et al.., 1981). However, much of the clay in drilling mud tends to flocculate upon
contact with sea water, resulting in more rapid settling of this fraction. Barite, despite its
fYne grain size (%wm ), may settle more rapidly because of its high density. Because of
this physical/chemical heterogeneity, drilling fluids and cuttings undergo rapid and
substantial fictionation and dispersion upon discharge to the ocean.

According to a dispersion/dilution model developed by Brands m a et al. (1980),
drilling mud discharged fio m a submerged discharge pipe can be viewed as going through
three distinct phases: convective descent of the jet of material, dynamic collapse, and
passive diffusion and convective mixing of the ambient medium. Of the material
discharged, about 10 percent rem sins as a plume in the upper water COIU mn. This f!ine
grained material generally contains less than 10 percent of the drilling fluid solids. The
rem aining  90 percent settles directly to the bottom. Critical determinants of the impacts
of discharged driJJing fluids and cuttings on water COIU m n biota are the rate and extent of
these dispersion/&lution  processes.
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Table 1.5 Projected Drill@ Flukls/Cuttings  Discharges to Alaska Coastal/OCS Waters Durhg the
Next Ten Year%

Wells Next 10 Yearn Total Diseharges (MT)a

Region Exploration Production Mud cuttings Total

Gulf of Alaska 3 6 6,800 8,200 15,000

Kodiak 2 3 3,800 4,700 8,500

Cook Inlet 2 3 3,800 4,700 8,500

N. Aleutian Baain 14 27 30,800 37,700 68,500

St. George 17 63 57,800 70,700 128,500

N avarin Basin 18 57 54,700 66,800 121,500

Norton Sound 19 33 39,400 48, IOO 87,500

Hope 6 9 11,500 14,000 25,500

Barro W 6 16 16,200 19,800 36,000

Diapir 45 g 96,500 118, ooo— 214,500

Tots2s 132 300 321,300 392,700 714,000

a Based on a discharge of 900 metric tons (MT) drilling fluids and 1100 M T cuttigs
per exploration well and 25 percent less of each per production w en.
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Several field studies have show n that drilling fluids discharged to tile ocean
are dfluted  rapidly to very 10 w concentrations, usually within 1,000 to 2,000 m down-
cument flco m the &charge pipe and within 0.1 to 4 hours of discharge (Figure 1.8 from
Ayers et al., 1980b; Eco mar, 1978, 1983; Houghton et al., 1980; Northern Technical
Services, 1983). Quite frequently, dilutions of 1,000-fold  or more are encountered within
a short time and distance of discharge. (Figure 1.9).

The distance fro m an exploratory platform to which d-g fluid solids are
dispersed and their concentration in bottom sediments depends on the types and quantities
of drilling fluids discharged, hydrographic  conditions at the time of discharge, and height
above the bottom at which discharges are made (Gettleson  and Lad, 1980). Because
barite (ba.riu m sulfate) is a major inwedient of many -g fluids wed on the U.S. outer
continental shelf and is both very dense and insoluble in seawater, barium frequently is
used as a marker for the settleable fraction of drKling  fluid. In several investigations
perform ed to date, the barium concentration in bottom sediments was highest near the rig
and decreased markedly with ~tance from the @ (Dames and Moore! 1978; C~pPen et
al., 198o; Gettleson and Laird, 1980; Meek and Ray, 1980; Trocine et al., 1981; Northern
Technical Services, 1981, 1982, 1983; Bothner et al., 1982, 1983; EG& G Environmental
Consultants, 1982; Boothe and Presley, 1983). Barium concentrations may reach
concentrations 10 to 20 times above background in sedim en% near the discharge.
Concentrations of barium in surficial  sediments of 5,000 mg.lkg have been reported near
an exploratory rig site (Trefry et al., 1983; Trocine and l%efry, 1983), compared to a
normal background of 200 to 300 mg Ba/kg in sediments l%o m the area. Barium
concentrations h excess of 40,000 pp m above background have been reported in surflcial
sediments within about 100 m of the discharge fio m a multiple-well development platform
in the Gulf of Mexico (Petrazzuolo, 1983). USUaJIY the increment in btiu m concentration
is restricted primarily to the upper few centimeters of the sediments. In most cases,
there is a steep gradient of decreasing barium concentration in surflcial sediments with
lateral distance to background concentrations 1,000 to 1,500 m do wn-cument  of the
discharge petit.

Other cMUing mud-associated metals are much less elevated than barium in
bottom sediments near the rig. Visible accumulations on the bottom of drilling
discharges, prim arily ch5Jl cuttings, have been reported near drilling rigs in the Gulf of
M etico (Zingula, 1975), offshore southern California (Basco m et a., 1976), on the mid-
Atlantic outer continental shelf (E G & G Environmental Consultants, 1982), and the
B eaufort Sea (Northern T ethnical Services, 198 1), but not on G eorges Bank
(Battelle/W. H.OJ., 1983, 1984) or Cook Inlet, Alaska (Dames and Moore, 1978). These
cuttings pfles may be as much as a few m eters high and 100 to 200 m in diameter. Jn non-
depositional and high-energy environments, accumulations of drUJhg fluid and cuttings
solids are dispe~ed from their deposition site by current-induced resuspension, bed
transport and bioturbation (Nationsl  A cade m Y of Sciences, 1983). Bothner et ~, (1983)
estimated the half-tire e for wash-out of barite fho m sediments near an exploratory rig on
G eorges Bank to be about 0.4 years.

In the shallow Beaufort Sea, drilling fluids and cuttings may be discharged by
above-ice or below-ice disposal (Northern Technical Services 1981, 1982). In either case,
because of the shtio w water, mud and cuttdngs  will tend to settle initially on the bottom
in the vicinity of the disposal site. It is generaUy  agreed now, that beca&e of their
relatively 10 w acute toxicity, “drilling fluids will have little adverse i.m pact .on water
column organisms (Auble et L, 1983; Neff, 1982; Petrazzuolo,  1983). Acute and long-
term impacts of mud and cuttings discharges will tend to be restricted to the benthos in
areas where significant amounts of mud and cuttings accumulate on the bottom. Impacts
may be due to outright burial, chemical toticity  of the mud or cuttings, or a change in the
texture and grain size of the sediments.

Benthic com munities in the vicinity of a C. O.S.T. well in lower Cook Inlet,
Alaska were studied before, during and after drilling (Da m es and Moore, 1978; Lees and
Houghton, 1980; Houghton et al., 1981). The well was located in 62 m of water in a
dynamic high-energy environ m ent characterized by 4 to 5 m tides and tidal currents in the
range of 42 to 104 c m/see. Drill cuttings and elevated levels of barium were not detected
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in sediments near the rig. Some changes in benthic  communities were observed near the
drDling rig during drilling. How ever, the investigators had difficulty in relocatig and
resa m pling stations established during the predrilling survey. Because of this and because
of extre m e patchiness and seasonaJity of the benthic fauna in the area, the investigators
were unable to demonstrate a statistically significant impact that could be attributed to
drilling discharges. Pink salmon fry, shrimp and hermit crabs were suspended in live
boxes at 100, 200, and 1,000 m downcurrent from the drilling fluid discharge. After four
days, there were no m ortali.ties or sublethal effects that could be attributed to the mud
discharge plum e.

Crippen et al. ( 198o) studied the effects of exploratory drilling from an
artificial gravel island on benthic fauna of the Canadian Beaufort Sea. Dredging to obtain
m ateriak for construction of the island and subsequent erosion of the island caused
changes in local hydrographic  conditions, and increased suspended sediment loads and
rates of sedimentation such that it was not possible to distinguish effects of drilling fluid
discharges fro m those resulting fbo m island construction.

Crippen et aL (198o) also measured concentrations of metals in drilJing  fluids,
sediments and benthic anim ils fko m the driJling site. Several metals, including mercury,
lead, zinc, cad miu m, and arsenic were present at elevated levels in the drilling fluids due
to use of an impure grade of barite. Concentrations of these m etels, as well as barium,
increased in sediments near the rig during driUing. However, no correlation was detected
bet we en the concentrations of these m etels in the sedim enks and their concentrations in
tissues of benthic animals from the site.

More recently, Northern Technical Services (198 1) investigated the effecti  of
above-ice and below-ice disposal of driIling fluids and cuttings on the near-shore benthos
of the U.S. Beaufort Sea off Prudhoe  Bay, Alaska. Experim entsl and reference sites were
located in 5 to 8 m of water. The maximum amount of material collecting on the bottom
im mediately after both types of test discharges of drilling fluid and cuttings ranged from
1 to 6 cm. Analyses of grain size and m etek concentrations h bottom sediments
indicated that the drilling fluids and cuttings were swept out of the area rapidly. The
abundance of some species of benthic animals changed in the 3 to 6 months after the
experim ental discharges. In particular, the nu m hers of polychaete  worms and
harpacticoid copepods decreased at a discharge site in comparison to a nearby reference
site. How ever, sediment grain size was different at experimental and reference sites and
may have been the m sin factor responsible for the observed differences in seasonal
population fluctuations.

A m phipods and bivalve m olluscs were placed in live boxes or trays near the
discharge sites before the discharge for up to 89 days after the discharge. The am phipods
suffered few mortalities. More m olluscs died or were mksing in the tray fio m the
discharge site than in trays fbo m a reference site. However, the experimental tray had
been disturbed, possibly contributing to the differences.

Concentrations of most m etels were higher in anim ale from the reference sites
than in those fko m the disposal sttes. Polychaete tubes and m acroadgae, Eunephyta
rubrifor mis, fho m the disposal sites contained elevated levels of barium. How ever, these
vslues  were obtained by atomic absorption spectro m etry and may not be reliable. The
m acroal.gae SLSO had a slightly elevated concentration of copper in their tissues.

There have been several laboratory investigations of the bioavailab~ty  of
metals fro m dr4Jling fluids (Neff, 1982; PetrazzuoIo, 1983; National Academy of Sciences,
1983). Several of these studies have demonstrated a statMica31y significant accumulation
of barium and chromium, and an indication of a slight accumulation of copper, cadmium
and lead in several species of m tie invertebrates. In SU cases, the magnitude of m etd.
bioaccu  m ulation was small.
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1.5.2 Produced Water

Produced water is fossjl (connate) water that is trapped in the reservoir with
the fossil. fiel, or water that has leaked or been pumped into the formation during drilling
or production. The produced water N pumped to the surface with the oil and gas, and
must be separated fro m the hydrocarbons before they are processed further. Some wells
generate no produced water at ~ others may generate 90 percent produced water and 10
percent fossil  fuel. In Cook Inlet, Alaska some of the oil, gas, and water produced
offshore is piped to onshore production facilities at Trading Bay and Kens-i where oil and
water are separated (Table 1.6). The Trading Bay facfity generates 10.65 mK13ion liters
(67,000 barrels) of oil and 9.86 muon liters (62,000 barrels) of produced water which are
discharged to the Inlet each day. Discharges from production platforms h the Gulf of
Metico generally are less than 1.59 million liters (10,000 barrels) per day (Menzie, 1982).

Produced water usually, but not always, is a saline brine with total dissolved
solids concentrations up to about 10 times that of seawater (300 ppt salinity). The major
inorganic ions present are the same as those in seawater. In addition, produced water may
contain elevated levels of several heavy metals (Table 1.7) and slightly water-soluble 10 w
molecular weight aliphatic and aromatic hydrocarbons (Table 1.8).

Dilution of produced water upon discharge to the ocean is very rapid, the
actual rate being dependent upon such factors as total dissolved solids concentration of
the produced water, current speed, vertical convective mixing of the water COIU m n and
water depth (Figure 1.1 O). Based on a model developed by the Massachusetts Institute of
T ethnology, it was estimated that saturated brine (about 320 ppt salinity) @o m the Bryan
Mound Strategic Petroleum Reserve salt dome would be diluted to within 5 ppt of a m bient
sea water salinity within 30 m of the discharge point (Federal Energy A d ministration,
1977). In Trinity Bay, Texas, a shallow estuary physiographic=dly  somewhat similar to the
near-shore Beaufort Sea, total resolved hydrocarbon concentrations in produced w ater
were diluted by 2,400-fold within 15 m down-current of the discharge pipe located 1 m
above the bottom in 2 to 3 m of water (Armstrong et cl., 1979). Crude ofl tanker ba13ast
water (with a hydrocarbon co m position similar to that of produced water) discharged to
Veldez  Harbor from the Valdez ballast treatment facility (Lysyj et aL, 1981) or to the Red
Sea at Yanbu, Saudi Arabia fio m crude oil tankers (Neff et al., 1983), was diluted 500-fold
or more within 150 m of the discharge and 1,000 to 3,000 fold within 500 to 1,000 m of the
discharge.

Where suspended sediment concentrations are high, as in the Beaufort Sea,
dissolved and colloidal hydrocarbons and metals fko m produced water tend to become
absorbed to suspended particles and settle to the bottom (Figure 1.1 1). In Trinity Bay,
Texas, sediments 15 m down-current fio m a produced water discharge, contained high
concentrations of C 10-C 28 alkanes and aromatic hydrocarbons fho m C 3-benzenes to C 3-
phenanthrenes (Armstrong et al., 1979). A gradient of decreasing sediment naphthalene
concentrations extended away fko m the discharge in all directions for up to 5,000 m of the
discharge. In deeper water, more typical of O C S drilling activities, elevated levels of
hydrocarbons are restricted to a much smaller area of the bottom or are not detected at
all.. In the Buccaneer Field, located in about 20 m of water, elevated levels of n-alkanes
were detected in surficial  sediments within a radius of about 15 to 20 m of the discharge
(Middleditch,  1981). How ever, sediment resuspension and transport resulted in rapid
changes in sediment hydrocarbon concentrations on alm ost a dtiy basis.

Elevated levels of barium, cadmium, chromium, copper, lead, strontium, and
zinc have been detected in surflcial  sediments in the vicinity of production platforms in
the northwest Gulf of Mexico (Tillery and Thomas, 1980; Wheeler et al., 1980). These
metals may be derived &o m discharge of drilling fluids and produced water, and by
corrosion or leaching of submerged rig structures, antifouling paints, and sacrificial
anodes. The magnitude of elevation in the concentration of m etels other than barium in
sedim entg usually K small.

Produced waters have also been shown to contain significant levels of
radionuclides,  from geological strata in the formation, in particular 226 Ra and 228 Ra and
are directly related to salinity values of produced waters. These levels are generally
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Table 1.6 OrganiC Co m position of Produced Water Effluenti fbo m Alaskaa.

Trading Bayb Kenaic Cook Inletd
Final Effluent Final Effluent Offkhore  Platform

Parameter Cone. % Red. Cone. % Red Cone. % Red.

Total Organic Load 188
mg C/L 435 288 47

Suspended Petroleum 5.3 1.2 14 93 36 91
mg C/L

Dissolved Non-Volatie 141 -
mg C/L 423 97 264 22

Volatile Hydrocarbons 11 65
mg C/L 6.5 1.6 10 40

V ol.atiile Aliphatics
m g/L 1.5 1.0 38 0.8 91

Volatile Aromatics 6.1 - 10.2 40 11.3 55
m g/L

a From Lysyj et al. (1981)
b Onshore proces&ng  of 4 offkhore platforms

o 131,000 bbl total fluids per day
o 62,000 bbl produced water per day

c Onshore processing of 30 offshore platforms
o 21,000 bbl total. fluids per day
o 8,000 bbl produced water per day

d Single offshore platform
● 13,000 bbl total fluids per day
o 11$000 bbl produced water per day
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Table 1.7 Concentration Ranges of Metals in
Discharged to the Gulf of Mexico.
billion).

Sea water and in Produced Waters
Concentrations are in ~g/kg (parts per

Concentration Concentration
Metal in Sea wati in Produced Materb

Antimony

Arsenic

Barium

B ery13iu m

Cadmium

Chromium

Copper

Iron

Lead

Manganese

Mercury

Nickel

Silver

Strontium

Thad3ium

zinc

0 . 5

3 . 0

10 - 63

0.0005

0.11

0 .13-  0 .25

0 .5  -  3 .5

1.7 - 150

0.6 - 1.5

0.1 - 8.o

0.15- 0.27

2.0

0.145

8,000

0.O1

1.5- 10

0.061

0.32

6.4 - 3,500

0.25 - 2.7

0.057 - 32

0.83 - 260

0.55 - 120

260 - 2,900

0.78 - 760

0.84 - 4.3

0.16 - 0.4

0.35 - 1,200

0.028 - 110

230 - 71,000

0.33

15 - 610

a From Goldberg (1963 )and Hood (1963)
b From Middl.editch  (1981)
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Table 1.8 Concentrations of Selected Petzwleu  m H ydrocarbone  in Produced Mater
Effluents Frm m the Buccaneer Platform in the Northwest Gti of Mexico.
Concentrations are in @liter (parts per billion)

Co m pound Fro m Hiddlediteh  (1981) From Sauer (1981)

Aromatic Hydrocarbons

Benzene
Toluene
Ethylbenzene
m- p- & o-xylenes
Total C 3-Benzenes
C4-Benzenes
C 5-Benzenes
cfj-BenZeneS
C 7-Benzenes
C8-Benzenes
C g-Benzenes
C ~ O-Benzenes
C 1 l-Benzenes
N aphthalene
M ethylnaphthalenes
C 2-N aphthalenes
C 3-N aphthalenes
C 4 & C 5-N aphthalenes
Biphenyl or A cenaphthene
C 1 & C 2-Biphenyls

Alkanes

cl- C13
C ycloalkanes
Alkenes
C14- C29

Total Aromatics Measured
Total Alkanes Measured
Total. C ycloslkanes Measured
Total Alkenes Measured
Total Hydrocarbons Measured

6100
5460
1200

24.2
22.2
4.5
3.2
0.9
1.2
2.4
1.0
0.3

11.1
7.2

10.4
4.3
0.9
2.8
2.9

3120
2580

580
1476

12,860
4,596
2,580

580
20,616

1150
7460

850
3570
5590

830
NA
NA
NA
NA
NA
NA
NA
170
20
NA
NA
NA
NA
NA

3100
1060
NA
NA

16,070
3,170
1,060
NA

20,300

N A , Not Anslyzed.

33



0

IW
W

!Z
L

IX
)

L
IG

U
(I

g
W

'qqIG
q!(

kG
qG

LgJ
j1

V
LW

2iLO
U

2onLcG
2:

I

.
m
o~ ..
A

.
z .
0
0

‘1 1.”” ““”
.

0 .
.

. ..

.. . . .
. .. . . -0

. . ..
. ..

u-i
.

0 a) . “ .
m . . .

1~ i!
.

m .
0

.,.
. . . .

~- ! . . . . . . .
g .

g
.. . .

L . . . . .

5
.-Q . .k . ..

.“ 0 . ,.. . . .. .s .. . . .
.’-; .B . ..”.. ,. ●

,-
Q g- .5

d Q . . . . ... . . . . .. .-.. >.-

/ “
. ---. . . ..*. . . . . . .. .. :...-. .“.. .. . .. . . . . ... ~ .’

s“: ”.. ““’. “ ~ .
. .. . . . . . .. . “-t.

. . . . . . . . “..”.. . . . . . . .. . . . . . . .
-c”.”-”.”, “ ‘i’“....~@-. .. . . . . . .. . . ..”. . . ..-

111/ -i

34



4

- “’s’O” ~Ri”” ‘0”” ~

.“. . .
.

LOW “ “ . . : .- .: ::,: “:”:.”.::.::.;:’
Particle Density - . . . ‘“:: ”.” T”.“. . . .  .

l–10ppm . . . . . . . .
. ..-

,. . . ” .
.

.

K \ \ % x - 1 \ \ \ > h \ \ \ \ % \ x

3

I

I
[

1’
L ●~“. . . . . . ...:: . . . . “ . .. . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. “. . . . . . . . . . . . . . . . . . . . . .“. . . . .& . . . . . “ - “LH””::o  w..- TSM >100 ppm: Significant Sorption: . . .. . . . . .. . . . . .. ..”.. . . . . . . . . . . . . . . . . . . ..;. & . . . . . . . . . . and Settling Nearfield. . . . . .“””. :... . . .& . . . . . .. . ,. .. .. ..’..” . . . ...”. .“. . ..”. ..O ., . y TSM 10-100 pprn: Detectable Sorption and“ . .  .. . . . . . . “ .,. Settling Nearfield. . .. -.’ .. . ., !-

‘ _TShA <10 ppm: Little Sorption and .
. . . Sinking

,.

Figure 1.11 Schematic R epresentitin  of How TSM (Total Suspended Matter) Levels Promote sorp~l
and Sedimentation of Oil from Spills and Produced Water Chemicals.
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higher than ambient sea water values. Depending on dilution rates of produced water and
the levels in produced water. These radionuclides  may be potentially sorbed and
sedim ented and/or bioaccu m ulated  by m he organisms.

The very limited infer m ation available suggests that produced water has a 10 w
acute and chronic toxicity to marine animals (N eff, 1984). There have been no published
reports of bioaccu m ulation of metals fko m produced water by marine animals. Clams
R angia cuneata placed in trays on the bottom near the produced water outfeJl of a
separator platform in Trinity Bay, Texas accu m ul.ated aromatic hydrocarbons to high
concentrations (Fucik et al., 1977). When placed in clean seawater in the laboratory, the
clams released the accumulated hydrocarbons rapidly. Barnacles, shrimp, some benthic
organisms and
pl.atfor  m in the
so m e of which
produced water

several species of fish from the vicinity of the Buccaneer production
northwest Gulf of Mexico contained slightly elevated levels
were identified as petrogenic and may have been derived
(Middleditch,  1981).

of n-alkanes,
in part from

1.5.3 oil Spins

Accidental oil spills can occur any time during exploration for and
develop m ent of offshore oil and gas reserves in the Beaufort Sea, though the danger of
such an event increases as the field comes into production, and large volumes of crude oil
must be stored and then transported out of the area. During exploration and development,
significant volumes of diesel fuel and petroleum-based lubricants are stored on-board the
drilling platform or island for operation of diesel engines and other machinery. Small
spills of these m ater%%ls  can occur during normal supply, storage, transfer and usage
operations. Such spills rarely involve more than one or a few barrels of oil. Any spillage
on the drill floor is collected by the deck dr~age system and passed through an oil-water
separator before discharge.

During develop m ent drUling or production, spills of crude oil can occur. Well
blowouts or pipeline breaks are the most likely causes of major spills. If ice breaker
tankers are used to transport crude oil to refineries, then spiJls associated with ballast or
bilge water discharges or tanker accidents would be another important potential source of
oil Spin.

The chemical co m position of crude oils fko m different producing regions or
even different production zones in a single well can vary tremendously. Crude petroleum
and most refined petroleum products are extremely complex mtiures of many thousands
of organic co m pounds. Hydrocarbons (co m pounds containing only hydrogen and carbon)
are the most abundant accounting for 50 to 98 percent of the weight of the ofi (Speers and
Whitehead, 1969; Clark and Brown, 1977). The remtider is made UP Prim~Y of v~ous
sulfur, oxygen and nitrogen-containing organic co m pounds and s m all amounts of several
metals (V, Ni, Fe, Al, Na, Ca, Cu, and U).

Petroleum contains a significant fraction (O to 20 percent) of higher molecular
weight material (1,000 to 10,000) consistig of both hydrocarbon and N SO co m pounds
called aspheltenes. These co m pounds, consisting of 10 to 20 fused rings with diphatic and
naphthenic  side chains, contribute significantly to the properties of petroleum in
geoche micsl formations and in spill situations as well (e.g., related to em ulsiflcation
“behavior).

Vanadium and nickel are the most abundant metallic constituents of crude
petroleum, sometimes reaching concentrations of thousands of parts per million, but most
often 10 w er. They are present in porphyrin complexes and as fhee metals as w en.

The petroleum hydrocarbons consist of aliphatic, open-chain co m pounds,
alicyclic,  ringed co m pounds, and aromatic co m pounds containing at least one benzene
ring.

The most totic components of petroleum include 10 w molecular weight
aromatic hydrocarbons (benzene through fluorene), and related 10 w molecular weight
sulfur, oxygen and nitrogen heterocyclics (N eff,
and 5-ring polycyclic aromatic hydrocarbons are
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Although spUled petroleum may cause severe acute effects in the water
column (i.e., fish Wls), chronic effects are most likely to occur when oil sinks or is
transported to the bottom and is incorporated into bottom sediments where it becomes a
long-term source to benthic animal%

Studies of several ofl spm have shown that, in order for significant quantities
of oil to reach the bottom, ofi must sorb to suspended sediment and sink. The Santa
Barbara ofi spill is a good example of tfi (Kolpack et ~, 1971), where transPort and
deposition of large quantities of flood runoff material occurred during the spill.. This
appears to be the major transport route of oil to the benthos, although other mechanisms
can beco m e significant in certah cases. Most notably, the water COIU m n to benthic
transport of oil can occur by fecal pellet transport (Boehm et aL, 1982a; Johanssen  et al.,
198o), by sinking due to Lang m uir circulation, by tiect sinking of dense (cold, weathered)
oil in areas of 10 w density water (fresh water tiput at river mouths or near ice melting) or
by sinking of saline bties during formation of sea ice. Oil deposition by sorption and
sinking M more likely where riverine  inputs of suspended materiel (i.e., from the
Sagavanirktok,  C olwLlle and K uparuk Rivers) occur and where total suspended
concentrations approximate 100 PP m (Figure 1.1 1). Suspended sediment concentrations  in
the Beaufort Sea can be very high, especially during spring breakup when the riverine
overflow onto the shorefast ice mixes with seawater, or following sum m er storms (N aidu,
1979; Northern Technical Services (1981 ).

Petroleum hydrocarbon transport to nearshore subtidal sediments may occur if
the oil beaches and the beach is subsequently exposed to seasonal erosion or ice scour.
Studies in the Canadian Arctic (Baffin  IkJand Oil Spill. Program) (Boehm et al., 1982b;
1985) and in the Amoco Cadiz spill (Marchand and Caprai% 1981; Boehm et G 1982c;
Atlas et al., 1981= s=that large amounts of oil (> 100 ppm in sediments) can be
expected to impact nearshore (subtidal  sediments) if shorefie  impact is allowed to occur.

Sorbed or otherwise sedim ented oil wi31 tend to follow normal offshore
sedimentation patterns in which the oil will eventually be transported to 10 w energy
basins, through features or other depositional areas. This wKl occur unless the amount of
oil sedim ented is so great that the texture of the sediment changes, or a “tar mat” is
for med. In the TSESIS and other sp~ (e.g., Santa Barbara blowout), ofl%hore basins
served as traps of oil (Boeh m et al., 1982a; Kolpack et al., 1971).

Many studies have been published concerning the biodegradation of petroleum
hydrocarbons in sediments (see Bartha and Atlas, 1984 for a review). Given the
availability of oxygen and nutrients, resident microbial populations wiJl utilize
hydrocarbons as substrates at varying rates. Sedim ented oil was observed to be rapidly
biodegraded in the A m oco Cadiz spill (Atlas et al., 1981) and in the Tsesis  sp~ (Boehm et
al., 1982d), while Iimo=dation was evident h m chemical results in the IX T O C I
blowout and Baff!in Island Experiment spill (Boehm and Fiest, 1983 Boehm, 1983). Haines

—-

and Atlas (1982) deter mined that biodegradation of petroleum proceeds slowly in Arctic
environ m ents with significant degradation occurring only after a year or more of
environ mental exposure.

Once buried or mixed in the sediment below the ofic zone, which may be on
the order of as little as several m~m eters deep, no significant biodegradation will
proceed due to limited oxygen availabtity (Ward et al., 1982). Any physical or biological
motions would tend to accelerate biodegradation due to inputs of oxygen. There is.
evidence that bioturba-tion of marine sediments enhances oxygen &rigation and, hence,
biodegradation of oiled sediments (Gordon et al., 1978; Bartha and Atlas, 1984). Studies
examining the distribution of polycyclic  aro m at.ic hydrocarbons (PA H) in coastal and
offshore sediments (e.g., F arrington  et al., 1983) suggest that P A H sources fko m
petroleum are more readily degraded than associated P A H fio m pyrolytic inputs due to
their avdlability to microbial populations.

Evidence exists (Boeh m et aL, 1982d; Boehm, 1983) for the biodegradation of
petroleum within the gut of arctic bivalves, owing probably to an indigenous concentrated
microbti population within the animal. These observations were made in an area where
no chemical evidence for biodegradation is seen outside of the animals (i.e., in the
sediments). It is not known whether this may represent a significant removal mechanism
of oil fho m 10 w level oiled substrates.
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Boeh m and Fiest (1982) reported rapidly decrea~g levels of oil in the water
column initially at 10 ppm, 1 km fkom the blowout site to 1 ppm with 10 km, down to 0.1
ppm at 20 km from the IXTOC I blowout. Lower water column levels (100 ppb to 1 ppm)——
would be m ore typical. in acute impact zones of blowouts of lesser dimension and which
occur at or above the sea surface {e.g., Ekof!isk).  McAuliffe et al. (1975) observed levels
as high as 36 ppm in the water followtig a blowout. Much lower concentrations of oil
(10 to 120 ppb) were found in the water COIU mn (Marchand and Capreis,  1981; Celder and
Boeh m, 1982) after the A m oco Cadiz spill with 10 wer quantities (1 O to 20 ppb) offshore— .
and 100 ppb to 1 pp m in the estuaries where large quantities of oil were transported.
Those water COIU m n levels can have differing impacts on marine biota.

studies of ~anspofi  of oil to the offshore benthos following the IX T O C ~
blowout (Boehm and Fiest, 1981) indicate that 10 to 100 PP m could be found near the
massive blow out site, but little was found in offshore sediments further away. Offshore
sediments at the A m oco Cadiz sp5Jl were found to contain 30 to 220 pp m, with much
greater quantities~to~O pp m ) within the estuaries (M archand and Caprak, 1981;
Gundlach et al.., 1983). M c A uliffe et al. (1975) observed oil-in+edim  ent levels on the
order to 100 pp m in the vicinity of a Gulf of M etico blowout in areas of high
concentration of suspended sediments. Low levels (1 to 8 ppm) of oil were found in the
sediments around the Ekofisk  blowout (Johnson et al., 1978). Very high values of oil in
sediments were obtsined after the Santa Barbara blowout (K olpack et al., 1971).

Hydrocarbons in solution or dispersion in seawater are much more bioavailable
than hydrocarbons sorbed to sediments or detritus (N eff, 1979; Neff and Anderson, 1981;
Anderson, 1983). The bioaccu m ulation factor (concentration .in tissues divided by
concentration in sediment) for aromatic hydrocarbons associated with sediments and
detritus usually is less than 1, but may be as high as 11. Bioav*bllity is inversely
related to sediment organic carbon content. H o w ever, because sediments represent by far
the most concentrated source of hydrocarbons in the contaminated environment,
sediments are a major source of chronic contamination of benthic and de m ersal fauna in
an oil-i m patted area. It appears that fllte~feeding  bivalves accu m date petroleum
hydrocarbons prim arily fho m the water COIU m n, w~e deposit-feeding bivalves accumulate
hydrocarbons primarily fro m sediments (Boehm et al., 1982a; Anderson, 1983).

1.6 Study Organizations

The BS M P is being conducted by scientists fbo m Battelle’s  Marine Laboratories
in D uxbury, Massachusetts and Sequim, Washington with logistical assistance fio m
personnel at Battelle% Anchorage off!ice. Scientists fio m the University of Alaska’s
Marine Sciences fistitute are siding in data analysis and interpretation. The progra m‘s
efforts are being reviewed by a Scientific Review Board. The program organization is
summarizedin Figure 1.12.

2. SAM PIJIWG METHODOLOGY

2.1 Sampling Locations and Dates

Field sampling for the 1984 BS M P was conducted during the period between
September 1 and September 17. T w enty-even stations were visited and sa m pled. Of the
38 proposed stations, 24 were occupied and successfully sa m pled. Ice conditions
prevented sampling of the remaining proposed stations (outermost stations and Camden
Bay site). Three new stations were occupied and sa m pled (2E, 2F and 7 G).

Sam pling dates, station locations and their depths are detailed in Table 2.1.
The Beaufort Sea Study Area with locations of all stations k shown in Figures 2.1 and, 2.2.

38



rc £flUC

1rnrD 2VWbFII#C

. .

Affiliation:

1 Battelle

MINERALS MANAGEMENT SERVICE

Joy Geiselman, COTR

I
PROGRAhl MANAGER

Paul Boehm
k

I

LABORATORY ANALYSIS

W. Steinhauerl  ,B - Hydrocarbons

E. Crece]iusl,A,B  - .Vetals

D. McGrathl  ,B - Grain Size, TOC

DATA fdANAGEMENT

H. Petersenl~B

2 University of Alaska

3 University of Louisville

4 Temple University

,
DATA ANALYSIS

Interpretation Reports

P. Boehm 1 ZA~B - Hydrocarbons

E. Creceliusl  ~A - Metals

S. Rustl - Statistics

D. Shaw2~A  - Hydrocarbons

D. Burre112~A - Metals

SCIENTIFIC REVIEW BOARD

3. Neffl

D. Shaw2

D. Burrel12

R. Atlas3

W. Smith4

P. Boehm 1

E. Crecelius 1

Role:

A principai  Investigator

B Task Leader

Figure 1.12 Program Organization Showing Task Leaders and Principal Investigat-om

39



Table 2.1 station Locations, Sampling Dates and Depths for Propsed and SampIed
Stations for the 1984 Beaufort Sea Monitoring Program.

Sampling Depth Position
Station No. Date (m) N. Lat. W. Long.

1A

lB

lC
ID

2A

2B

2C
2D
2E
2F
3A
3B
3C
4A
4B
4C
4D
5(1)
5(2)
5(5)
5(10)
5A
5B
5C
5D
5E
5F
5G
6A
6B
6C
6D
6E
6F
7A
7B
7C
7D
7E
7F
7G

not sampled

not sampled

not sampled

not sampled

not sampled

not sampled

not sampled

not sampled

11 Sept.

12 Sept.

12 Sept.
13 Sept.
not sampled

2 Sept.

2 Sept.

2 Sept.

not sampled

14 Sept.

14 Sept.

14 Sept.

14 Sept.

14 Sept.

17 Sept.

not sampled

1 Sept.

17 Sept.

16 Sept.

13 Sept.

4 Sept.

4 Sept.

4 Sept.

5 Sept.

not sampled

5 Sept.

7 Sept.

6 Sept.

6 Sept.

not sampled

6 Sept.

not sampled

7 Sept.

8
15
23
5
5

11
25
7

7.6
1.8

6.1
3.7

14

4.3

7.3

9.1

22

6,4

5.8

7.0
8.2
11.6
16.5

22
2.0

19.2
1.5
9.1
3.0
5.2

15.2
18.3

22
12.5
1.5
5.5

14.3
5

2.7
20

3.0

70001,6,

7oof)4Jy

7OO1OJ)1

70005.7

70001.51

7fJoo4Jy

70010J31

70003,41

70012.gl

7ool/3.3~

70020.31

700 I 7.9V

70022.01

70018.41

70021.0’
7fJ026.11

70035,0,

70025.11

70025.4,

7CJ026.13,

70027.1,

70029,9~

70034.6~

7o035Jy

70024.31”

To03&91

TO026.4,

j’0029J/*

70032.21

70033.3,

70040.31

70044.7
7[0(30.0!

TO040.2,

70°37.6’
70047.41

70°54.8’
TI)056J!

70043.51

70010.()!

7(3039.41

144032.3’
144041.5’

145000.0’
145005.6’
145’305.0’
145010.0’
145020.0’
145018.0’
146011.5’
L46001.9’
147005,6’
147002.0’
146036.0’
147040.0’
147039.6’
147042.6’
147040.0’
148004.9’
148°07.2’
148016.8’
148030.6’
148045.8’
148°54.8’
148025.0’
148032.9’
149016.1’
148049.2’
148002.4’
149056.7
150°24.9’
150°32.1’
150029.2’
150045.0’
151012.0’
152°10.1’
151056.0’
152°00.7’
153015.3’
152°04.2’
153000.0’
151053.7’
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2.2 Sampling Methods and Logistics

2.2.1 Field Survey Team

2.2.1.1 Scientific Party. The Scientific Party for the 1984 Field Season
consisted of R. Eugene Ruff, William Steinhauer, and James Campbell. Mr. R uff served
as Field Party Chief and was responsible for the overall success of the sampling program.
h addition to coordinating all field and lo@tic activities, Mr. R uff served as the formal
liaison between the scientific party and Battelle management staff at B N E M R L. He
maintained the ship’s station log (navigation log) and chief scientist’s log throughout the
survey. Mr. Steinhauer collected all the sediment and bivalve sa m pies, and was
responsible for overall integrity of the sampling, sample storage and transfer operations.
He maintained the cast logs, sediment collection logs, bivalve collection logs, and sample
transfer for ms. Mr. Cam pbell collected dl hydrographic data, performed dissolved
oxygen anelyses and maintained the hydrographic log.

2.2.1.2 Ship% Crew. The N O A A research vessel No. 1273 was skippered by Mr.
Eric Gardner, a N O A A Corps Officer &o m Seattle, Washington. He was assisted by Mr.
Steven Pace. Mr. Pace has had extensive experience navigating in the Beaufort Sea and,
therefore, provided invaluable assistance in navigation and piloting the research vessel.

Preparation of the N O A A vessel was coordinated by Mr. George Lapienne of
the N O A A Office, Juneau, Alaska. Mr. Lapienne and Mr. G srdner perform ed pre-survey
maintenance, and held a shake-down cruise to assure that the vessel was sea-worthy for
the f!ield survey.

2.2.2 Survey Vessel

N O A A 127’s, the survey vessel provided by the government for use on the
BS M P was a Bristol Bay @l netter, alu minu m-hulled 11 m overall length, with a 3-m
beam, and 0.76 m draft. The vessel was pow ered by a 3208 catapillar  engine with a
1900 L usable fiel tank and had a 645 km cruising range. The worldng deck was 2.6 m by
3.9 m, and was equipped with hydraulic winch with 900 kg line pull and 615 m of 0.63 cm
stainless steel wire, and with a hydraulic A-fka m e 1.8 m wide and 2.6 m high above deck
with 1.5 m c3earance over rails. The survey vessel was equipped with the foil.o wing
electronics:

● Radar, 38.6 km sea scan

● VHF marine radio

● H F radio tunable to 30 MHz

● Recording depth recorder

● T R A C O R B RID G EST A R sateUite navigation system

2.2.3 Navigation

The Tracer O m ega-2 navigation system, expected to be the m sin navigational
aid for use during the cruise, was not available by the start-up date. Therefore, the
on-board satellite navigation system was e m plo yed to determine station locations. The
ship’s radar, fathom eter, and dead reckoning were used to position the vessel as close as
possible to the desired station location. Then the Tracer Bridgestar SAT N A V receiver was
monitored until an accurate position could be obtained. Satellite passes were irregular in
timing, but a satisfactory reading was nearly always obtained during the period that the
station was being sa m pled. Since the vessel could be anchored at most of the stations,
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this method was adequate for establishing the initial station
little lost time.

2.2.4 Communication

The anticipated nightly co m m unications link

positions and resulted in very

with the B attelle Alaska
Operations office via upper side band contact with Radio Broad m ore in Fairbanks proved
unreliable, possibly due to electrical problems within the ship and/or disturbances in the
atmosphere. Alternate co m m unication  channels were established through C olville River
Radio and through Bill K oplin aboard the Anika Marie. Since reliable co m m unications are
difficult to maintain in the remote Arctic environment, co m munications  needs and
require m ents will be reassessed prior to the next field effort.

2.2.5 Field Data Manage ment

Shipboard data forms (Station Log, Cast Log, Sediment Sam ple Log, Bivalve
Sam ple Log, and H ydrolab Data Sheets), and Sample Trans mittel Forms co m prise the
media used for recording field operation and sample tracking data. Carbon copies of the
forms were maintained by two of the scientific party m em hers during the perform ante of
the survey and while sa m pies were in transit from the field to the laboratory, so as to
provide redundancy.

The Station Log contains station position and depth data, and as well as date
and length of occupation. In addition, the Station Log contains information on the type of
positioning equip m ent used and any drift in position which may have occurred during
station occupation.

Each 10 wering of sampling gear was recorded by station, date and time, and
assigned a cast number in the Cast Log. In addition, sampling success and sample number
were recorded on this form, providing redundant y in sample idenliflication  and tracking
with the Sediment Sam ple Log and Bivalve Sample Log. Information on sample type (i.e.,
sediment chemistry or grain size, bivalve species) and replicate number were SJSO
recorded on the two sample logs. H ydrographic  data generabed by the C T D sonde, as well
as dbolved  oxygen data, and quality control test measurements and sa m pies (temperature
and salinity) were recorded on the H ydrolab Data Sheet.

Each sample collected (sediment, chemistry, grain size, bivalve, salinity, and
Q C) was confirmed and recorded on a Sample Transmittal Form which accompanied the
sa m pies throughout the transfer from D eadhome,  Alaska to B N E M R L. Upon return to the
lab, all sa m pies were co m pared with appropriate data forms to validate the sample
transfer.

2.2.6 Sampling Equip m ent and M ethode

2.2.6.1 Sediment Sampling. Sediment sam pies were collected with a 0.1- m 2
stainless steel Kynar-coated, m odif!ied Van Veen grab (T. Young, Sandwich,
Massachusetts). A second Teflon-coated grab sam pier was stored at the Prudhoe Bay
logistics center in Deadhorse, Alaska. After the grab sa m pier was deployed and retrieved,

the top centimeter of sediment was removed with a Teflon-coated scoop and placed into
250 ml Teflon jars. Both the grab sa m pier and the scoops were soap and water washed,
then rinsed with m ethanol and m ethylene chloride before use. Teflon jars were prepared
at B N E M R L using the following procedure: soap and water wash, follow ed by nitric acid
soak (overnight), weak hydrochloric acid rinse, and distilled water rinse. Jars were then
rinsed with methanol and m ethylene chloride. A second m ethylene chloride rinse was
perform ed in the field just prior to use of the jars. Sediment replicates were stored over
dry ice (-780 C) in polystyrene shipping containe~ for field storage and transfer to
BNEMRL. Each grab sample was photographed before subsa m pling to document the
integrity of the undisturbed sediment surface.

The f!ield survey manual called for two chemistry replicates, co m prised of the
upper 1 c m of sediment from either side of the grab sa m pier, to be collected every 6 min
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(10 grabs/ hr). This sampling schedule was easily achieved at most stations. However, at
stations containing a high silt and clay content, the pace was difficult to maintain since
relatively more time was required w asking and preparing the grab sa m pier between
10 w erings. In addition, undisturbed sediment surface was not always achieved at every
10 w ering. Repeat 10 w erings were made until acceptable replicates were obtsined.

The Teflon-coated grab sa in pier and Teflon-coated scoops were Molly
provided by Dr. Michael Bothner, USGS, Woods Hole, Massachusetts for use on the first
field survey. This equip m ent was restored to its originel  condition and returned at the end
of the survey.

2.2.6.2 Infaunal Bivalve Sampling. Infaunel bivalves were collected with the
O. l-m 2 K ynar-coated  sthlees steel m odif!ied Van Veen grab. The sediment collected by
the grab was sieved for bivalves through a 5-m m Nytex screen. Seawater for washing the
sediment was obtained fhom a submersible pump (Rule 1500) fitted with Bev-a-line lined
tubing. Bivelves were identified and tidividuals  of the species of interest were pooled in
clean polyethylene jars and stored over dry ice.

lhfaunal bivalve sampling on the First field survey did not proceed as
anticipated. It was proposed that 10 stations were to be sa m pled for infaunal  bivalves and
that one or two pooled sa m pies would be collected at each station. Historical fifor m ation
indicated that infaunal bivalve populations were patchy, but that adequate densities
(20/grab) of target species could be encountered at selected stations. A ctuel infaunsl
populations at all stations (including sediment stations) were much 10 wer than expected;
the average density at stations sa m pled was 3-4 bivelves/O.  1 m 2 grab . A larger, more
efficient w ashdo w n system is proposed for the next field survey in order to process biota
grabs more quickly.—

2.2.6.3 Epifaun~ Bivalve Sampling. Epifaunal bivalves (Arctinula
groenlandica) were collected with a miniature semi-balloon Gulf of Mexico shrimp trawl
fitted with a 1-3 cm stretch mesh, uncreosoted net (M arinovich Co., !%loxi, M ississippi).
The conten~ of the trawl were sieved through a 5-m m Nytex screen with uncontaminated
sea water, and species of interest sorted and segregated in polytheylene  jars and frozen
over dry ice.

Due to extensive ice cover in all offshore areas the boat was unable to reach
relatively deep water ( >25 m ) and travel in the habitat areas of Arctfmil.a.  The field team
did travel in 18-20 m water at Station 5B to test the sampling methods but hsufflcient
nu m hers of Arctinula were collected (4 individuals/5 min bottom contact time) and a
successful sampling was not achieved.

2.2.6.4 H ydrographic Data. A H ydrol.ab series 4000 conductivity, temperature,
dissolved oxygen meter was the prim ary instrument used in collection of hydrographic
data. Discrete sea water sa m pies were also co31ected with a Ni4cin bottle for the
deter mination of salinity (Beckman selino m eter, B N W ) and dissolved oxygen ( Winkler
method, shorebased fac~ty, D eadhorse, A K). Surface water temperatures were also
taken with a bucket thermometer.

2.2.7 Sam ple Pz’eserwalkm and Transfer

All sediment and bivalve sa m pies collected for chemical analysis were placed
in either Teflon (sediment sa m pies) or polyethylene (Bivalve sa m pies) jars and
im .m ediately  placed in coolers containing dry ice (-78o C). Teflon jars were preptied as”
described in Section 2.2.6.1. Polyethylene jars were prepared in the same manner but
were not rinsed with m ethylene chloride. This method of sample preservation worked well
for the field program as the coolers took little room and required no maintenance. Dry
ice was routinely supplied by the B attelle  Alaska office in Anchorage. For shipment to
B N E M R L, sa m pies were repacked with dry ice and tirst skipped to Anchorage, Alaska
where they were repacked with dry ice and sent on a direct flight to Boston. Upon arrival
at B N E M R L, sa m pies were im mediately transferred to a co m m ercial freezer and
m .aintained at -200 C.
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2.3 Cruise Namative and Sampling Limitation

Field sampling for the f!lrst year of the BS M P was initiated on Saturday,
September 1, 1984, five days after contract award. A field team which included R .E.
Ruff, field party chief, W .G. Steinhauer, and J.F. Campbell was mobilized fho m BN E M R L.
During the period of August 27 to August 31 all of the necessary cruise gear and
equip m ent was ordered, asse m bled, packaged, and rushed to Prudhoe Bay, Alaskaj for
loading aboard the N O A A research vessel. During this same period, the N O A A Field staff
including George Lapienne and Lt. Eric Ga.rdiner were in Prudhoe Bay preparing the
govern m ent.+upplied boat and performing sea trials.

The tirst station sa m pled, 5D, just outside of the lee of West Dock, east of
Stump kland, served as a shakedown cruise and enabled the scientific party to aesess the
applicability of proposed sampling procedures aboard the 11-m boat. Based on the
experience of the f!irst sampling station, the weighted seti m ent grab (9o8 kg of steel
weight) was exchanged for the un w eighted grab which was then used throughout the
survey. In addition, a data station was fabricated to fit forward of the winch, a sieve
&am e was built to tit on the transom, and the grab stand modified to fit between the legs
of the hydraulic U-&am e. Other than these minor m odf!ications  and changes the sampling
equip m ent was used as planned for the remainder of the survey.

The major problem encountered in the shakedown cruise was the size and
physical limitations of the 1 l-m research vessel. As a scientific platform, the deck space
was adequate for all of the sampling operations. However, deck and cabin space were
limited, and with five people aboard, the boat was quite cram peal. Due to limited deck
space, extra fuel could not be carried as anticipated. This had no effect on the 1984 field
survey. How ever, longer excursions to the east and west are anticipated during ice-mee
conditions and fuel reserve may be limiting in future surveys. Also, because of limited
deck space, the second grab sa m pier could not be carried on-board, but had to remain at
the N ana Cam p logistics center. Deck space for cold storage of food and sa m pies was
also limited and barely adequate for 5-day survey legs. Careful planning for the 1985
field survey should provide an additional 0.7 to 0.11 m 3 of frozen storage space to dlo w
for longer duration at sea.

Since sampling did not begin until Septe m her, the increasing presence of sea
ice throughout the Stud y Area was the major factor in determining the eventual cruise
tracldine. Ice was very much in evidence in all. but the shdlo west stations. 121 general, a
heavy band of polar pack ice completely prevented the vessel fho m reaching the llrthest
offshore stations (Stations 6E, 4D, and 3 C ). To the west across Harrison Bay this
accumulation follow ed the 15-m contour and prevented sa m plhg at the western-• ost
stations. East of Prudhoe, it remained up against the barrier islands and i m pinged upon
the coast at Brow nlo w Point, thereby preventing passage into Camden Bay and sampling
at the eastern-most stations. At times, the ship was taken into the pack ice in order to
reach a particular station location. Since the floes in the pack were constantly in motion
relative to each other, care had to be taken in order to keep the ve%el &o m being pinched
or caught in the ice. This ice movement also m cant that the leads that were followed into
the pack were not necessarily still present to follow back toward open water. Therefore,
the stations had to be completed early enough to allow sufficient daylight to locate
alternate paths back out of the ice. Grease ice was actively formtig around the ice floes
and inside the barrier islands and, by 12 Septe m her, this new ice stretched completely
across the lagoon bet w een Flax man Island and the mainland. The presence of nu m eroua
ice floes and newly-for m ed ice considerably slowed the cruise progress and made seeking
shelter behind protective barrier klands a nightly necessity. The net result was that
transit time took far longer than planned, slowing the progress of the survey.

Sam pling proceeded essentially as projected in the Battelle field survey
handbook. InabiJity to sample at some stations due either to ice conditions or m echanicel
problems was parthlly off5et by sampling three additional stations not on the original
sampling plan. Sediment sa m pies could be quicldy and efficiently collected with the
K ynar=coated m odif!ied  Van Veen grab. A total of 220 sediment sa m pies were obtained
fro ❑ 27 stations occupied between the western part of Harrison Bay and Flaxm an lkiland
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to the east. The photographic documentation and the hydrographic  measurements were
easily acco m pwhed at each of these stations. Bivelve m olluscs were more difficult to
locate, and occurred in very 10 w abundances at most of the stations occupied.
Concentrations of Astarte borealis were encountered at two of the mid-depth stations,
and C yrtodaria kurriana was found at the shdlo west station h G w ydyr Bay. At stations
containing a high sediment silt-clay content the flow rate of water available from the
sub m ersible pump proved to be inadequate for washing the large volumes of sediments
necessary to obtain high nu m hers of bivalves. The abundant offshore scallop Arctinula
groenlandica could not be obtained since the pack ice precluded reaching the deepest
stations. How ever, one otter tra W1 sample was taken to demonstrate that no unforeseen
problems might be encountered in deploying or retrieving tine net.

Several mechanical problems related to the relative newness of the vessel and
to the fact that the BS M P was essentially used as a shakedown cruise, had a direct bearing
on the resiks obtained. The ship% alternator ftied during the cruise leg into Harrison
Bay. This problem essentially negated any options to OCUPY the offshore stations in the
ice pack or to steam toward the western-most stations off Pitt Point. Since the ship was
limited to battery power, the emphasis was placed on heading back toward Prudhoe Bay,
and station occupation beta m e secondary in importance. An additional full day of cruise
time was lost wMle a replacement alternator was located and flown up fio m Fairbanks.
During the cruise leg to the east, a faulty relay caused the 10 w engine oil alarm to sound
inter mittently. This resulted in a reduction of cruising speed and fbequent  stops to check
the engine ofl level, and it contributed to the decision not to try to push through the ice
pack and into Camden Bay. Other mechanical problems which interfered with the
progress of the cruise included a sticking co m pass, limited range on the radar,
m elfunctioning  panel instruments, and the lack of proper trim on the vessel which held the
top speed down to only 8 kt. These and other mechanical and design problems were
co m m unicated  to M MS with the request to have m odiflications made before the next field
“effort.

The Tracer O m ega-2 navigation system, that was expected to be the m ein
navigational aid for use during the cruise, was not available at the start-up date.
Therefore, the on-board satellite navigation system was relied upon to determine the
station locations.

Im spite of dl of the problems encountered, the tit cruise  of the BS M P should
be rated as a success. The problems inherent with arctic research were addressed, on-
board techniques and procedures were worked out, and valuable experience was obtained
for planning the future field efforts. In addition, “a majority of the projected stations
were occupied and the requisite sa m pies obtained for laboratory analysis. The overall
success of the field effort would not have been possible without the considerable efforts
of George L apienne in preparing and m zdntainkg  the N O A A vessel, and those of Eric
G ardiner, the ship% skipper, and Steve Pace for assistance throughout the cruise.

3. ANALYTICAL METHODOLOGY

3.1 Detailed And,yh“cal Rationale

The analytical strategy and specitic analytical methodologies used in the
BS M P were designed to meet the study objectives stated in Section 1.2. These objectives
were to rigorously test the four null hypothesis, Ho 1 through H 04, through appropriate
sampling, anal~cal and stattitical designs. The philosophy of the analytical design was
that it must result in a set of statkticdly rigorous measurements and not merely
descriptive infer m ation.

The analytical plan for 1984 flield satu pies is presented in Table 3.1 and 3.2.
The laboratory analyses involved the deter minations of hydrocarbons, trace metals, grsin
size and total organic carbon in sediments, and hydrocarbons and trace metals in bivalves.
Frozen sa m pies were returned to the laboratory and carefully split for the various
analyses, thus creating “paired analysis” for all chemical parameters measured. Grain
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Table 3.1 Analytical Plan for 1984 Sediment Sam @e.

No. Of Stationa

Level 1 Level 2 Metals

Number of UV/F G C/FI.D  (Saturates)
Replicates GC/HS (Aromatics)

27 6 162 162

20 1 (pooled) 2 0

T 6 42

Grain
Size

and TOC

162
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Table 3.2 Analytical Plan for 1984 Bivalve Sam pies.

Number of G C-FID
Station Species Replicates U V/F G C/US Metals

6D
Macoma
Astarte

2
4

SF
C yrtodaria 5
C yrtodaria 1 (pooled)

3A
Astarte 5

2
4

5

5

2
4

1

5

3

5

5
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size sa m pies were ?Ipaired”  in the sense that they were taken from
but they were not part of the same homogeneous sample split
chemical analysis.

3.1.1 Measured Parametem

the same grab sa m pie,
in the laboratory for

3.1.1.1 Trace Metals. The seven elements determined in sediments and
bivalves included Ba, Cr, V, Pb, Cu, Zn, and Cd which were measured by a combination of
flame (FAA ) and/or graphite firnace  atomic absorption (Z G F A A ), inductively-coupled
plasm a e mission spectrophoto m etry (IC A P), and energy dispersive x-ray fluorescence
(X R F) (Table 3.3). As a quality control check, some concentrations were determined by
m ore than one method. In other instant es when initial results consisted of Won-
detectable?t values, sa m pies analyzed by one technique were reanalyzed using a more
sensitive technique.

3.1.1:2 Hydrocarbons. A hierarchical analytical strategy was applied to the
analyses of hydrocarbons in sediments and organics  (Figure 3.1). The strategy consisted of
screening large nu m hers of sa m pies by U V/Fluorescence Spectroscopy (U V~F) follo wed by
a more detailed co m ponent-pecific analysis by gas chro m atography l% m e ionization
detection (G C-FID) and gas chromatography/mass spectro  m etry (G C/MS).

Under a given set of conditions the intensity of molecular fluorescence is
linearly proportional to the concentration of the fluorescing material. However, the U V/F
approach is Ii m ited by interference characteristic of i m purities and solvent w hich beco m e
more significant as concentration is reduced. For the BSM P samples, UV/F was used as a
first level method to screen for the presence of petrogenic residues and to determine the.—
semi-quantitative content” of aromatic co m pounds relative to a reference oil (Prudhoe Bay
crude oil). The parameters measured by U V/F were fluorescence peaks at 312, 355, and
425 n m, corresponding to 2-, 3-, 4- and 5-ring aromatic hydrocarbons, respectively.
Solvent and matrix fiterferences at 312 n m, and moderate amounts of the highly
fluorescing perylene at 425 n m prevented useful and accurate quantitation at these
wavelengths.

All sample replicates were analyzed by U V/F. At each station, the replicate
extracts were pooled to yield a single sample for more detailed G C -FID and G C/MS
analyses. At seven selected sediment stations and one selected bivalve station, dl
individual replicates were analyzed by G C -FID and G C/MS to obtain statistical. variability
infer m ation.

The G C -FID and G C/MS techniques revealed the co m position of specific
saturated and aromatic hydrocarbons isolated ho m the total extractable material by
COIU m n chromatography. Results can be used to distinguish between petrogenic, marine,
and terrestrial biogenic and other anthropogenic sources when co m pared to results of
G C -FID and G C/ M S of these source materials.

The analytical data outputs fro m G C-FID are listed in Table 3.4. The
concentrations of n-alkanes  and isoprenoids in sediments are reported on a dry weight
basis and, ti bivalves, on a wet weight basis. Fro m these concentrations a series of key
diagnostic parameters were calculated (Table 3.5). The absolute concentrations of
individual alkanes and isoprenoid alkanes and/or the sum of alkanes will be used to test

. null hypothesis H 01 in subsequent years. The source ratios are useful in establishing the
source of the observed hydrocarbon distribution, the contributions of biogenic
hydrocarbons, and the degree to which petroleum hydrocarbons fio m exploration or
production-related discharges have been detected in the sa m pies (i.e., testing null
hypothesis H02).

Detailed analysis also included identification and quantification of polycyclic
aro m ati@ hydrocarbons (PA H) by co m puter-aAsted fused silica capiNary gas
chromatography/m ass spectro m etry (G C/MS). The concentrations of a series of P A H
fro m 2 to 5 rings including parent (unsubstituted) and alkyl.ated co m pounds, (in particular,
the substituted naphthalenes), phenanthrenes and dibenzothiophenes, served as useful
source indicators. These source ratios have been show n to be important in distinguishing
bet ween different generic residues in other study regions, and were envisioned to be
important in distinguishing between different generic P A H sources in the Beaufort Sea.
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Table 3.3 Analytical Methods Used for the Analysis of Trace Metals in Mar’he
Sediments and Bivalves.

Analytical Hethod

Element Sediments Bivalv=

Ba ICAPand XRF ICAP

Cr ZGFAA ZGFAA

v ZGFAA ZGFAA

Pb ZGFAA ZGFAA

Cu FAA or ZGFAA FAA

Zn FAAor ZGFAA FAA

Cd ZGFAA ZGFAA
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Figure 3.1 Analytical Scheme for Hydrocarbons in Sedimen~ and Bivalve Tissues.
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Table 3.4 Compounds Determined by Fused Silica Capillary Gas Chromatography.

Compound Revelance

1. Saturated Hydrocarbons

n-alkanes  (n-C10 to n-C 34) W eathetig and source indicators,
especially when ratios are derived

Isoprenoids  (1380,1470,1650,1708,1810)a Weathering indicator (marker
co m pounds as a group in lightly
weathered sa m pies)

2. Unresolved Complex Mixture Indicator of weathered petroleum
although microbial activity can
resdt in formation of these
G C/FID unresolved co m pounds.

a Where 1300 = retention index of n-C 13, 1400 = retention index of n-C 14,
1800=retention index of n-C 18.
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Table 3.5 Key Diagnostic Parameters Delxsrmined  by Fused silica Capillary Gas
Cbro m atography.

Variable Abbreviatkm U*

Sum of n-alkanes, C ~ o-C 34 TALK ud~

Sum of n-alkanesj C 1 o-C zo LALK P&g

Sum of isoprenoids,  1380 + 1470 + 1650 + Iso .fl EYE?
1708+ 1810

Sum of n-alkanes, C 14-C 18 ALK u g/g

Isoprenoid, 1708 (Pristane) P RIS P g/g

Isoprenoid, 1810 (Phytane) PHY P g/g

TALK/TOC a gg/mg TOC

TALK/% SILT

LA LK/TALK

ISO/ALK

a T O C = Total Organic Carbon

,.
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The aromatic co m pounds reported from the G C/MS analyses and used to test
the four null hypotheses are listed in Table 3.6. Aromatic parameter ratios (e.g., Table
3.7), which are extre m e.lY Usem for examining the nature of the observed aromatic
co m position (testing of H02 and H04), were also computed.

3.1.1.3 Grain Size and TOC. In addition to the metal and hydrocarbon
parameters measured, each sediment sample was also analyzed for sediment grain size
and total organic carbon (TO C) content. The analysis of sediment sa m pies for sand, silt
and clay content was based on a rapid wet-sieving procedure. Further division of the silt
and clay fractions into phi classes was accomplished by the pipet method (Plumb, 1981).
T O C analysis was performed by high temperature combustion. T O C and grain size data
are paired with metals and hydrocarbon data for inclusion in the geoche m ical data set.

3.1.2 Pooling Strategy and Selection of Sa m @es

The statistical design of the analytical program called for the random
selection of sediment replicates and the pooling of bivalve specimens to meet the study
objectives. Frozen sa m pies were returned to the laboratory and carefully split or
co m posited for the various analyses (Tables 3.1 and 3.2), creating statistically ptied
analyses for parameters of interest.

3;1 .2.1 Sediment Samples. Six of the eight sediment replicate sa m pies
collected at each of the 27 stations were selected at random for che micel analysis.
Sam pies were thaw ed and carefully homogenized under controlled laboratory conditions.
Jars containing thawed sediments were shaken by hand until overlying water was
incorporated into sediment. Then, in a lam inar flow hood, the jars were opened and the
contents stirred until. the sediment appeared well mixed. The homogenized sediment was
split into subsa m pies for replicate analyses of metals, U V/F hydrocarbons and T O C, and
for archivel (for possible future analyses). Based on results of the U V/F anelysis, seven
stations were selected for complete hydrocarbon characterization by G C -FID and G C/ MS.
At the remaining 20 stations, one-half of each of the six replicate extracts were
combined to create one pooled station extract. The rem ainder of each extract was
archived.

The selection of stations for individual replicate hydrocarbon analysis was
based on a requirement that broad areal.  coverage was desi?ed and that, in general, the
mean U V/F determined hydrocarbon concentration at these stations was similar.
A dditiondly, replicates were chosen for individual analyses at a station with relatively
high hydrocarbon concentrations and at a station with 10 w concentrations.

3.1.2.2 Bivalve Sam pies. Bivalve specim ens, &o m each station where
sampling was successfld, were pooled in the field to create one sa m pie. Upon return to
the ‘laboratory, this pooled sample was partially thaw ed and split into subsa m pies for
metals and hydrocarbon analyses. In generel,  f!ive times as many individuals were
reserved for hydrocarbon analysis as were needed for m etds analysis (Figure 3.2). The
subsa m pies were further split into random replicates for chemical analysis. For the
extremely small Cyrtodaria species, individual organ.is  ms were pooled to create a tissue
sample which was then split by weight. For the larger species, nu m hers of individual
organisms were recorded along with wet weight h each pooled sa m pie. Subsa m pling for

metals analysis was performed under a la minar flow hood at 13attelle-N orth w est Marine
Research Laboratory (B N W ). Subsa m p~g for analy~ of hydrocarbons was performed at

Battelle-Ne w England M arhe Research Laboratory (B N E M R L).
Thirteen individual replicate sa m pies, including poolings  of Astarte and

Cyrtodaria, were analyzed for the suite of m etsls (Table 3.2) Sixteen replicate samples,
including the species A starte, C yrtodaria, and M aco m a, were analyzed for hydrocarbons
by UV/F. One set of replicates was pooled for detailed G C -FID and G C/MS anslysis
(Table 3.2).
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Table 3.6 Aromatic Hydrocarbons and Heterocyclics Quantified Using High R esolMion
Capillary Gas Chro matograhy/Mass Spectru m etry.

CO HP OUND IDENTIFICATION AND
m/e ION SEARCH ABBREVIATION

128 N aphthalene (CON )
142 Methyl Naphthalenes (C 1 N )
156 C 2 Naphthalenes (C 2 N)
170 Cs Naphthalenes  (C 3 N)
184 C 4 Naphthalenes  (C 4 N )
152 A cenaphthene (AC E)
154 Biphenyl (B P H N)
166 Fluorene (FL O R)
18o Methyl Fluorenes (C 1 F)
194 C z Fluorenes (C 2F)
208 C 3 Fluorenes (C 3F)
178 Phenanthrene, A nthracene (P H E N )
192 Methyl Phenanthrenes,  Anthracenes ( C 1 P)
206 C 2 Phenanthrenes, A nthracenes (C 2P)
220 C ~ Phenanthrenes (C 3P)
234 C 4 Phenanthrenes (C 4P )
202 Fluoranthene, Pyrene (FL A N, P Y R N )
216 Methyl Fluoranthene  or Methyl Pyrene (C 1 P Y R )
228 Chrysene, Benzo(a)anthracene  (C H R Y, B A A)
242 Methyl Chrysene (C I C)
256 C2 Chrysenes (C2C)
252 Benzo(a)pyrene, Benzo(e)pyrene, Benzofluoranthene,

Perylene (BAP, BEP, BFA, PERY)
184 Dibenzothiophene (D BT)
198 Methyl Dibenzothiophenes (C 1 D B T)
212 C 2 Dibenzothiophenes (C 2 D BT)
226 C 3 Dibenzothiophenes (C 3 D BT)
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Table 3.7 Key Diagnostic Param elxm D etermfied by G C/?lS and Used for Statistical
Analysis.

Def3rdtbn  of
Variable Abbreviation uLd.ts

Naphthslene series (CON + C~N + C2N +
C3N + C4N)

Fluorene  series (FLO R + C IF + C2F +
C3F)

Phenant’hrene series (P HEN + C 1P + C2P +
C3P+C4P)

Dibenzothiophene  series (D BT +
CIDBT +C2DBT+ C3DBT)

4- and 5-ringed Polynuclear
Aromatic Hydrocarbons (F LAN + PYEN +
BAA+ CHRY+BFA+BAP+BEP+  PERY)

(N+ F+ F’+D) i (N+ F+ P+ D+4-, 5-P AH)

(N+ F+P+D) / TO c

(N+ F+ P+ D+4-, 5-PA H)/ TOC

(N+ F+P+D) / % SILT

(N+ F+ P+ D+4-, 5-P AH) / % SILT

(N+ F+P+D) / Z CLAY

(N+ F+ P+ D+4-, 5-P AH) / % CLAy

N i-wg

F H #&!

P I&g

D Lltig

4-, 5-PA H IJ&Yfz

FFPI

AITOC @mg TOC

ATTOC Hg/mg TOC

AlSILT

ATSJLT

Al CLAY

AT CLAY
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3.2 Analytical Chem~ of Metals

3.2.1 Methods and Materials

The analyses for trace metals in both marine sediments and bivalve tissues
were carried out by the BN W. Concentrations were deter mined for the following
elements: Ba, Cd, Cr, Cu, Pb, V, and Zn. The various procedures e m ployed in each of the
analyses are sum m arized in Table 3.8 and dettied below.

Aliquots of sediment were received frozen and stored at -20° C until freeze
dried to constant weight in a Virtis freeze-dryer. The dry sediment was ground in a Spex
ceramic bdl mill. Sediments which contained gravel were sieved through a 2-m m nylon
screen to remove gravel before grinding.

Two digestion procedures were used to totally dissolve sediment. Sediments
were prepared for analysis by IC A P (Applied Research Laboratory Model 356o) by
digesting 0.25 g of dry ground sediment in a Teflon vial with 2 ml of aqua regia and 6 ml
of hydrofluoric  acid. The vi& was sealed with a screw cap and heated for 2 hrs on a hot
plate at 80-90° C. A tier cooling, the contents were transferred to polystyrene containers,
3 g of ultra-pure boric acid added, and diluted to 50 m 1 with double deionized water.

For Z GF A A Perlcin Elmer Model 5000 analysis, sediments were digested by
adding 7 ml of hydrochloric acid to 0.1 g of sediment in a 15-ml Teflon vial. The vial was
sealed and heated in an 80-900 C water bath for 1 hr. After cooling, 3 ml of nitric acid
was added and the heating procedure repeated. After cooling, 0.5 m 1 hydrofluoric  acid
was added, the vial sealed and heated again for 1 hr. at 80-90° C. After cooling, the
digestate was transfemed  to a polystyrene container and diluted to 50 ml with double
deionized water.

Bivalves were received frozen and stored at -20° C until thawed for dissection.
The bivalves were cleaned of foreign matter using Teflon forceps followed by rinsing in
double deionized water. For each tissue sa m pie, 5-10 individual bivalves of the same
species were rem oved from their shells using Teflon forceps and a titanium knife. The
pooled tissue was placed in an acid-cleaned, pre weighed plastic jar, the wet weight
recorded, and the tissue freeze dried, to constant weight. After recording the tissue dry
weight, the dry L&sue was ground to powder h an all-plastic Spec 8000 ball mm.

T w o digestion procedures were used to totally dissolve tissue. Tissues were
prepared for Z G F A A analysis by digesting a mtiure of of 0.25 g dry tiue and 5 ml nitric
acid in a Teflon screw top vial. The contents of the vial were digested (unsesled)  for 8 hr.
at 130° C. After cooling, 1 ml hydrofluoric  acid was added, cap sealed and heated for 2
hr, and the solution evaporated to near dryness. The sample was ~her diluted to 25 ml
with double deionized water and acidified with 25 @ of nitric acid.

For T.C A P analysis, tissue was digested by adding 5 ml of reagent grade nitric
acid to 0.25 g tissue and heating 8 hr at 1300C, followed by overnight heating at 800 C in
a loosely capped Teflon vial. After cooling, 1 ml hydrofluonic acid was added and the
sealed vial heated for 2 hr at 80-900 C. The sample was again cooled, transferred to a
polyethylene bottle and muted to 25 ml with double deionized water.

Approtim ately 10$ of the sediments was analyzed for Ba by X R F to verify the
data obtained by the IC A P method. In addition, some sediment sa m pies were also
analyzed for Cu, Pb, and Zn by X RF. Sediments were prepared for X R F by pre~g 0.5 g
of PO wdered sample into a 25-m m diameter pellet. A gadoliniu  m secondary target was
used for excitation of Ba and a zirconium secondary target was used for Cu, Pb, and Zn.
The analysis was perform ed on a Kevex spectrometer and the data reduced methods
described by Nielson (1977).

3.2.2 Quality Control Methods

The Q C activities involved with the analyses of sediment and bivalve tissue
included the following procedures:

Prior to analysis of environmental. sa m pies, lab ware and reagent
analyzed in triplicate for each lot to determine that blanks were acceptable.
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DetecU.on Procedlnal
Klament Estru 8 ent COnditfOn Limit S2ank

Ba

Ba

Cd
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Pb
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ICAP

ICAP

XRF

XRF

ZGFAA

ICAP

ICAP

XRF

ICAP

ICAP

ICAP
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ZGFAA

ZGFAA

ZGFAA
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493.41 nm Ist order
(Forward Power) FP 2.3 KW
observation he@ht  20 m m
nebultzer  flow 2.5 ❑ Umi.n

Tungsten tube 70 Kv, 20 ma
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counting time  3000 sec

Pyrolytic tube
NH4H2P04  matrix 10Q
228.8 nm, slit 0.7 nm
hollow cathode lamp q ma
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266.72 &d order
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cOunUng  time 3000 sec

Pyrolytic tube NH4H2p04
matrix 10t12B3.3nm,
slit 0.7 nm elect.$odeless
di,schargelamp  10 U ga
50 mZ/mIn 80 and 1400c dry
250 and 8000C  ash 21000C
atu mtiatian  26OOC clean

292.UO Zmd  tier
FP 1.2 KU
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nebu3izer tlow 2.5 ml/mti

213.86 M order
FP 1.2 KW
observation hdght 20 m m
nebullzer  flow 2.5 ❑ Umin

Tungsten tube 40 Kv, 20 ❑ a
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countdng  time  3000 sec

~

Same aa For sediment

Same a9 for sediment

Same a9 for sediment

Same as for sedtment.

Same a9 for sediment
except gas flow 200 mlJmW
250 and 600C ash

Pyrolytic tube
357.9 nm, -o.7nm
hollow cathode Ismp 25 ❑ a
gae flow zerm  80 and 1400C
dzy  250 and 1300°C ash
23000C  atomization
26000C clear

Same aa forsedfment
except gaa now zem
25o and 7500 c ah
20000C atomization

0.4 1.8

50 0

0.04 0.1

1.2 9.1

0.9 0.9

0.5 0

0.5 0

0.3 1.5

0.4 1.4

6.o u.8

0.5 0

0.01 0.04

0.5 0.5

1.2 1.1

0.1 1.0

0.04 0.06

0.04 0.7

0.50.06
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Procedural blanks were run through the entire analytical process to recognize
any unusual contamination, to establish a blank value to be subtracted fko m sample
results, and to determine detection limits. Five procedural blanks were run with every
batch of sa m pies.

The detection limit for each ale m ent in both sediment and tissue was defined
as two times the standard deviation of the background signal for the procedural blanks.

Standard reference m aterids  (sediment MESS-1 and oyster tissue NBS-S R M
1566) were analyzed along with each batch of sa m pies to veri@ accuracy and precision of
the analytical results. At least one S R M was analyzed for every 20 sa m pies.

The precision of each analytical instru  m ent for each metal was determined by
analysis of five replicates of a certified ho m ogenous  SR M sediment and bivalve tissue.
Field samples and SR MS were analyzed for Ba, Cu, Pb, and Zn by two different techniques
to verify that the sediment digestion procedures totally dissolved the sediments. The
X R F technique determined total metals without sediment digestion.

The method of standard additions was used to evaluate matrix effects for both
ICAP and ZGFAA. A m m oniu m phosphate was used as a m atti m edifier in the Z G F A A
analysis of Cd and P b to improve the analytical signsl and precision. The Z ee m an effect
background correction system was used for all Z G F A A analyses.

3.3 An@‘cal Chemistry of HydrocarboIIs

The general analytical strategy for the chemical assess m ent consisted of two
levels (Figure 3.1 ). On the first level, sample replicates were extracted and analyzed by
U V/F to measure approximate concentrations of petroleu  m. Sam ple replicates of
additional interest were carried through individually to the second level, which consisted
of G C-FID and computer-assisted G C/ M S.

Sediments and tissues were each analyzed by slightly different analysis
sche m es. Each sample type required a unique initial processing/sample extraction
protocol and follow ed its own analytical scheme. All sa m pies were spiked with internal
standards, androstane or cholestane (saturated hydrocarbons), and o-terphenyl  (aromatic
hydrocarbons), prior to solvent extraction.

3.3.1 Sam ple Processing

3.3.1.1 Sediment Sample Processing. Six surface sediment sample replicates
fio m each station were analyzed for high m olecuhr weight hydrocarbons using U V/F. One
hundred-fifty gram Subsa m pies of 150 g were analyzed by U V/F using the analytical
method described below. Selected individual sa m pies fho m seven stations as well as all
pooled extracts were analyzed by G C -FID and G C/ MS.

The extraction methods for the U V/F, G C -FID and G C/ M S analysis of
sediment samples were based on methods of Brown et aL (1979) and Boehm et el. (1982 e).
Approximately 150 g of wet sediment was weighed into a 250-ml Teflon jar and dried by
extracting three times with 50 ml of m ethanoL Five micrograms of two internal
standards, androstane and o-terphenyl were added to the sediment. The dry sediment was
then extracted three times with 100 ml of dichloro m ethane: methanol (9:1) by shaking on
a platform shaker for a minimum of 4 hr for each extraction. All solvent extracts were
transferred into a 1-L separator funnel containing 100 m 1 of water ( Millipore R O) to
which 10 g sodium chloride had been added. The dichloro m ethane layer was drawn off and
the aqueous methanol phase extracted three times with 50 ml of dichl.oro  m ethane. The
combined dichloro m ethane extracts fho m each sample were dried, combined, reduced in
volume to 1 m 1 by rotary evaporation and displaced with hexane. Single aliquoti  of
extracts for subsequent analysis by G C -FID and G C/ MS were weighed on a Cahn Model 25
electrobalance to determine total extractable organics.  The extracts were fractionated
by ~ca gel/eJ.u mina COIU m n chromatography into saturated and unsaturated/aromatic
fractions which were analyzed by G C -FID and G C/ M S, respectively.

Column chromatography was perform ed using a 100% activated silLca/5  %
deactivated ah mina/activated copper (1 Ig, lg, 2g, respectively) l-cm Ld.
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chromatography COIU m n that was wet-packed in m ethylene chloride and prepared by
eluting  with 30 ml each dichloro m ethane and hexane. The sample, of no more than 50 mg
extract weight in 0.5 ml hexane, was charged to the COIU m n which was then e.luted  with
18 ml hexane follow ed by 21 ml hexane:dichloro  m ethane (1: 1 ) to isolate the saturated (f 1)
and unsaturated/aromatic (f2) hydrocarbons, respectively.

3.3.1.2 Bivalve ~issue  Sam pies. Five sa m pies consisting of three species of
benthic bivalves (C yrtodaria kurriana, M aco m a cal.carea and Astarte  borealis) were
analyzed. All individual replicates were analyzed by U V/F. Subsequently, either individual
or pooled extracts were analyzed by G C -FID and G C/MS.

Sam pies of 2-10 g wet weight tissue (approximate wet weights of individual
bivalves; 0.25 g/C yrtodafia, 2.5 g/ Astarte, 3.0 g/ Maco m a) were extracted and analyzed by
the procedure of Boeh m et al. (1982d). Clam tissues (guts, muscle, @Us) were removed
fro m the shells with solvent-rinsed utensils. Wet tissue was digested overnight with a 5 N
aqueous potassium hydroxide. The digestate was neutreJized with hydrochloric acid and
extracted in a separator funnel three times with hexane. H exane extracts were
combined, dried with sodium sulfate and concentrated to 0.5 ml by rotary evaporation.
Polar and biogenic  co m pounds which interfered with the U V/F analysis were removed
fio m the extracts by ah mina COIU m n chromatography which contained 6.5 g of 7.5%
water-deactivated alumina. The column was eluted with 25 ml of
hexane/dichloro m ethane (9: 1 ) to isolate the saturated, unsaturated and aro m at.ic
co m pounds. The fkaction  was concentrated and transferred into hexane for U V/F analysis.

After U V/F analysis, the individual or pooled extracts were concentrated by
rotary evaporation and displaced with hexane. The total extracts were then analyzed by
G C-FID and G C/MS directly. Due to the 10 w lipid weight of the total extracts, COIU m n
chromatography was not required prior to G C -FID or G C/MS analysis.

3.3.2 Sample Analysis

3.3.2.1 U V/F Analysis. The technique of synchronously scanning the corrected
excitation and e mission m onochro m eters of a scanning spectrofluoro m eter was based on
the methods of Wakeham (1977), Gordon et al. (19’76), John and Soutar (1976), Boehm et
al. (1982f), and Boehm and Fiest (1982). This method was used to analyze all sediment and
bivalve extracts, and to determine the presence and semi-quantitative amounts of
aromatic hydrocarbons in all sa m pies.

The sample extract (or a dlution thereof) was dissolved in hexane and
analyzed by U V/F. The intensity of the fluorescence e mtion was measured from 250 to
500 n m while synchronously scanning the excitation m onochro  m eter at a wavelength 25n m
shorter than the wavelength of the emission m onochro m eter. This technique measured 2-
to 5-ringed aromatic hydrocarbons (Lloyd, 1971) and yielded the spectral detail needed for
this study.

The intensities of the fluorescence spectra were measured at several
wavelengths (e.g., 312, 355 and 425 n m ) which correspond to approximate peak m atim a of
the 2-, 3-, and 4- plus 5-ringed aromatics present in the sa m pies and those present in the
Prudhoe Bay crude oil reference standard characterized in ttds study. Calibration curves,
based on the analysis of a Prudhoe Bay crude oil standard, were used to quantMy sample
extracts in this study. One or several. dilution series of the hexane solutions of the oil
were used to quantify sample extracts and to calibrate the method daily. The resulting
U V/F data is presented in ug/g Prudhoe Bay crude oil equivalents.

3.3.2.2 G C-FID. G C -FID analyds served to identify and quantify the
saturated petroleum hydrocarbon co m pounds present in the sa m pie. The concentrations of
certain co m pounds were e130 used to calculate indicator ratios that reveal the type of
hydrocarbons present, i.e., biogenic or petroleum.

Each fhaction was analyzed by fused silica capiJlary gas chromatography on a
Shim adzu G C-q A gas chro m atograph equipped with a splitless injection port, a flame
ionization detector, and a Shim adzu C-R 3A data system. Wall-coated open tubular
(WC OT) fused tics columns (o.25 m m x 30 m, J&W Scient~c)  coated with SE30 or
bonded D B- 1 stationary phases were used to analyze the saturated hydrocarbon fractions
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fro m the COIU m n chromatography procedure. The instrumental conditions are listed in
Table 3.9. Concentrations were calculated by the internal standard method on the
Shimadzu C-R3A. The computerized data system auto ma’cically identified co m pounds by
co m paring retention indices of peaks in the sa m pies to retention indices of known
co m pounds in a standard mixture that was analyzed daily. Concentrations were
calculated by co m paring the integrated areas of peaks with the area of the appropriate
internal standard (androstane or cholestane) and applying a determined response factor.
The total concentrations of saturated hydrocarbons were determined by integrating the
unresolved area (U C M) on the C-R 3A and adding it to the total resolved integrated area
(i.e., peaks) and, calculating a concentration using the internal standard method.

The concentrations of n-alkanes  and isoprenoids  in sediments were determined
fk’o m G C -FID on a dry weight basis and on a wet weight basis for bivalves.

3.3.2.3 G C/ MS. The aromatic hydrocarbon fractions off of the adsorption
COIU m n of either individual sample replicate or pooled extracts were analyzed by G C/ M S
to measure the concentration and co m position of the aromatic hydrocarbons in the
sa m pies.

An aliquot of the aromatic fkaction was analyzed using a Finnigan 4530 G C/MS
instrument equipped with a 0.25 m m id. x 30 m DB-5 fused silica capfllary column (J& W
Scientific) which was threaded directly into the ion source. Instrumental conditions are
listed in Table 3.10.

Selected ion searches were used to obtain ion chro m atogra ms for aromatic
co m pounds with known retention indices. Concentrations of the ident~ed co m pounds
were determined by measuring peak areas (ion currents) of the appropriate peaks in the
selected ion chro m atogra ms and relating them to that of the internal. standard. Relative
response factors for each component were calculated fro m analyses of analytical
standards, if available, or were extrapolated. The compounds reported @om the G C/MS
analyses are listed in Table 3.6.

3.3.3 QUWY  Control Methods

The quality assurance
form al laboratory-wide quality
require m ent9 of this program

program in the geochemistry laboratory was part of the
assurance program instituted at B N E M R L. The

condsted  of an initial demonstration of laboratory
capabfity and analysis of spiked sa m pies as an on-going check on perform ante. Specific
measures taken before the initiation of study and during the course of this study included
a rigorous on-the-job training program including analysis of triplicate sa m pies and blanks,
adherence to strict sample transfer and custody procedures, laboratory notebook audits,
documented czdibration  of U V/F, G C -FID and G C/ M S on a daily basis, and an on-going
analytical Q C program.

The on-going analytical Q C program consisted of the analysis of procedural
blank sa m pies with every batch of sedim ent or tissue analyzed, analysis of blank spikes for
the deter mination  of recoveries of selected co m pounds, re-extraction  of sa m pies to
monitor efficiency of extraction, and the analysis of reference sa m pies for an additional
check on precision and accuracy.

Discussion of the results of the analytical
Section 4.6.

3.4 Audiary Parame~

3.4.1 Hydrography

H ydrographic data included of temperature,

Q C program are presented in

salinity, and c&solved oxygen
measure m ents taken at the 27 stations sa m pled for sedim enti or bivalves. When po~ble
these measure m ents were recorded at three depths in the water COIU m n, although at some
extremely
Failure of

shallow stations only surface and bottom measure m ents could be recorded.
the dissolved oxygen probe and lack of storage or work space on the boat for
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Table 3.9 Fused Silica Capillary Gas Chromatography/Flame Ionization
Detection Analytical. Conditions.

Instrument:

Features:

Inlet:

Detector:

Column:

f 1:

Gases:

Carrier:
Make-up:
Detector:

Shim adzu G C-9A gas chro m atograph
Shim adzu C-R 3A integrator/data processor

Split/splitless capiilary  inlet system
Microprocessor-controlled functions
Auto m atic data reduction/Floppy Disk data storage

Splitless

Flame ionization

0.25 mm I. D. x30 m
SE 30 fused silica (J&W Scientific)
DB1 fused silica

Helium 2 mllmin
Helium 30 ml/min
Air 300 ml/min

(J& W Scientific)

Hydrogen 30 ml/min

Temperatures:

Injection port: 250° C
Detector: 3000 c
C OIU m n oven: 400-2900 30 C/m~

D sily calibration: Alkane/mixture

Quantification: Internal standard (F 1 androstane; cholestane)
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Table 3.10 Gas Chrm matography/14ass Spectrometry  Instrumental Conditions.

INSTRUMENT:

FEATURES:

INLET:

DETECTOR:

SCAN RATE:

IONIZATION
VOLTAGE:

COLUMN:

INTERFACE:

CARRIER GAS:

Finnegan 4530 gas chro m atograph/m ass spectro m eter

Data General Nova 4 data system with Incos data system
Finnegan MAT 9610

SplitleS

Q uadrupole mass spectrometer

450 amu/sec  (45-450 amu)

70 eV

0.25 m m id. x 30 m
SE54 fused silica
(J& W Scientific)

Direct insertion of COIU m n into source

Helium 2 mllmin

TEMPERATURES:

INJECTION PORT: 270° C
SEPARATOR OVEN: 2800C
SOURCE: 250° C
GC OVEN: 40-2900C, 10o C/rein (temperature program)

DAILY CALIBRATION: FC43, DFTPP and aromatic mfiture

QUANTIFICATION: Internal standard (o-terphenyl)
(response factors)

. .
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Winlder titrations apparatus limited the number of dissolved oxygen measurements
perform ed on the survey. The hydrographic  data was collected in support of the
analytical program and was not used to characterize water masses.

Prim ary hydrographic measurements were taken with a H ydrolab  Series 4041
in-situ instrument with digital read-out. The Hydrolab consists of a probe (Sonde)
attached to an electronics m odule by an electro-  m echanical cable. The probe contains
sensors of temperature, conductivity and dissolved oxygen. The precision of the
instrument is listed below by parameter:

Parameter Precision

T e m peralmre + 0.050C

Salinity + 0.050/00

Dissolved Oxygen + 0.05 ppm

C al.ibration  of the temperature probe at each station was performed with a
bucket therm o m eter using a thermometer co m plying with all requirements of the National
Bureau of Standards. The conductivity probe was calibrated at ‘each station with a
secondary sea water standard of known salinity. A nslysis of tine secondary standard was
perform ed on a Beckman sa3ino m eter both before and afier the cruise. The dissolved
oxygen probe was calibrated at each station wing a wet air calibration that relies on the
known solub~ty of oxygen in distilled water at any given temperature. Discrete water
sa m pies were aho collected by NHcin bottle and preserved for oxygen analysis by the
Winkler method. This analysis was originally intended to provide a quality control check
on the dissolved oxygen probe, but beta m e the primary measurement after the failure of
the probe. Due to lack of storage/work space these analyses were performed at the shore
base.

3.4.2 Sediment Grain Size

The analysk of sedim ent sa m pies for sand, silt and clay content was based on a
sieve-pipet procedure. Dition of the sand &action into phi classes was accomplished by
graded sieving of the dried sand material (H olm e and McIntyre, 1971). Dition of mt and
clay into phi classes was based on the pipet method (Fork, 1974).

A subsa m ple of approxim  atley 25 g of homogenized sediment was dried to a
constant weight at 100o C cooled in a dessicator, and weighed to within 0.01 mg on a
M ettler analytical balance. The oven-dtied material was added to a dspersant solution of
aqueous sodium m etaphosphate (5.0 g/L), stirred with a @= rod, and agitated for 10-15
m in on a Junior Orbit Shaker. The solution was allowed to stand overnight then shaken for
10 min. The sediment suspension was poured into a 0.063 m m sieve and the sieve gently
a@ated in a basin of water. The silt and clay fractions (pticles of less than 0.063 m m )
which passed through the screen, were resuspended in 1 L of dispersing solution in a

graduated cylinder. At specific time intervals, 25, ml ali.quots  were removed, dried at
105°C for 24 hr, cooled to room temperature and weighed to the nearest 0.1 g.

The sand fraction retained on the sieve was rinsed into an aluminum weighing
pan and dried to constant weight. To divide the sand component into phi intervals, the
dried sand material was placed in a graduated series of nrested sieves (2.0 m m, 1.0 m m,
0.5m m, 0.25m m, 0.125m m, and 0.063m m screen sizes) and shaken for 10 min on a Ro-Tap
Testing Sieve Shaker.

For the purposes of data reporbing,  the phi classes were recorded sep~ately
but were also combined to generate sand, silt and clay sediment size classes for data
interpretation.
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3.4.3 Total O rganic Carbon

T O C analyses were determined using a Leco model W R-12 carbon anelyzer.
The dried sample was homogenized and a 150 - 250 mg aliquot placed in a ceramic
crucible. The sample was washed twice with 6 N H Cl to remove carbonate carbon. E
reaction was vigorous on the second wash a third treatment with H Cl was conducted.
F o11o wing decarbonation,  the sample was rinsed with titilled water unti neutral and
dried at 450C. Copper and zinc accelerators were added to the sample crucibles and
co m busted with an induction furnace. The C 02 evolved wasis scrubbed of water, halide
and sulfur, and the percent T O C calculated. The carbon analyzer was calibrated dtiy
with series of known calibration standards to provide a calibration curve covering the
range of interest.

4. PRESENTATION OF RESULTS

4.1 Introduction

This section presents the data generated fio m the 1984 BS M P survey. These
data include results of the laboratory analyses for metals and hydrocarbons, au-y
parameters (grain size and total organic carbon), the hydrographic data collected on+ite,
and the quality control results.

Because of the large volume of data derived from the survey, each data set is
discussed in a separate subsection. This tabular presentation of the analytical results is
limited to those parameters most relevant to the interpretation and synthesis with
historical data. A complete listing of each data set is stored in our database
manage m ent system to be transmitted to The National Oceanic Data Center (N O D C).

All results are presented in tabular form, arranged by separate geographical
groupings of stations &o m east to west within the Study Area, and accompanied by a
station location map.

4.2 Metals Data

Data for metals in sediments were collected at each of the 27 stations. Since
six replicate sa m pies were analyzed at each station, the concentrations are reported as a
mean ~ one standard deviation for each of the seven metals. Values for the silt and clay
fractions, as w en. as total organic carbon, are included for each station for reference.

With the exception of Ba and Cr, which ranged fko m 186 to 745 ug/g and 17 to
91 U g/g in sediment% respectively, the range for all other metal concentrating in
sediments enco m passes two orders of magnitude. The highest levels of all metals occur at
Station 6B, w bile the 10 w est sediment metal concentrations are associated with Station
5B. Similarly, combined =t and clay fhactions are highest at Station 6B and 10 west at 5B.

4.2.1. Metals  in Sediments

Figure 4.1 presents the data for stations in the eastern section of the Study
Area, w kich includes the C arming River Delta (the 1’2’f stations), the Mikelson Bay -
Stockton Ikland area (the ~~3tt stations), and the Foggy Island Bay transect (the ‘~4tl
stations). Except for Cd and Pb, the sediments of Station 3B show the highest overall
concentrations of metals in this area, followed by Stations 4A and 3A. Silt and clay
fraction values exhibit a simikr  trend. Low est overall metal concentrations in tti area
are associated with Station 2E sedim ents.

The Prudhoe Bay-G w ydyr Bay region in the central part of the Study Area
includes the ‘~5’1 stations and is divided into two station groupings. Figure 4.2 presents
data for the Endicott Field transect stations, selected to represent 1-, 2-, 5- and 10- mfle
locations fro m the Endicott Field (i.e., the activity+peciflc gradient). The concentrations
of metals do not follow a gradient away from the Endicott  Field area but, rather, may be
a function of the sediment grain size at individual stations. Stations 5(5) and 5(1 O)

67



7

71

f I 53 152 151 I 50 149 148 147 146 145 144 143 142”I t I I I I I I I I I

BEAUFORT SEA

. 7i

o
,.. d5

Nautical Miles

_ _ _ _ _  ----_- .-,
,..
,,

. . .

7 o“

I I I
1“ 153 I 52 151 I 50 149 14s 147 146 I 45 I 44 143 I 42”

UA

METALS (@d

Ba 3672 7

Cr 5222

v 93=4

Pb 8.1 ~ 0.8

Cu 25.0 ~ 3.2

Zn 6422

ST ATIO#

4B kc 3A 3B 2E .2P

1941 11 254 ~ 44 346 ~ 20 382: 15 193 + 10 261 : 7

3624 3926 52z5 5822 37X3 46+1
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m 4.1 Sum mary of !4etal  Concentrations, Silt and Clay Fractions, and Total
Organic Carbon in Eastern Study Area Sedim enk.
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generally show the higher sediment metal concentrations w lxile Stations 5(1) and 5(2) have
the lower values.

Data for the rem aining stations in the Prudhoe Bay-G w ydyr Bay site are shown
in Figure 4.3. The highest metal concentrations, silt, clay, and totsl organic carbon levels
generally appear in the sediments ~o m Stations 5A and 5D. The 10 w est vslues are clearly
found at Station 5B.

The western section of the Study Area includes stations in Harrison Bay.
Sediment data for the East Harrison Bay stations are displayed in Figure 4.4. Stations 6B,
6 C and 6 D represent an offshore transect away from the C olvflle River Delta. The metal
concentrations, grain size data and total organic carbon values at these stations clearly
follow the offshore gradient, with the highest levels occurring at Station 6B and the
10 west at Station 6 D.

Figure 4.5 presents the data for the West Harrison Bay stations. Although
trends are less obvious at this site, the highest overzdl metal concentrations appear in
Station 7 C sediments, w Idle Station 7B generaJly has the 10 w est vslues. Grain size trends
are simUar when values for silt and clay are combined.

4.2.2 Metals in Tissues

Metals data were also coIlected from bivalve sa m pies at three stations within
the Stud y Area. Figure 4.6 presents tkds data along with corresponding sediment data. At
Stations 6 D and 3A Astarte was collected, while the sample at Station 5F was co reprised
of C yrtodaria. The concentrations of Ba, Cr, V, and Pb in tissues are lower than M
corresponding sediments. Cu, Zn and Cd concentrations, however, are nearly equal to or
greater in tissue sa m pies than in the sediments. The highest levels of metals in tissues
clearly occur at Station 6 D where A starte was collected.

4.3 Hydrocarbon Data

Replicate sediment sa m pies for hydrocarbons were collected at each of the 27
stations, and analyses were perform ed sometimes on both pooled sediment sa m pies and
individual replicates, and sometimes only on pools. The U V/F scan was conducted on each
of six replicates per station, with concentrations reported as a mean ~ one standard
deviation. G C-FID analyses for saturated hydrocarbons and G C/ M S analyses for
aro m atics were conducted on each of six replicates only at seven stations. These
concentrations are also reported as a mean + one standard deviation. The six replicates at
the rem aining 20 stations were pooled, an=yzed and reported as one sa m pie, essentially
representing a mean at these stations.

In the tabulation of hydrocarbon data, individual. co m pounds are combined and
presented as several selected parameters most relevant to the interpretations and
discussion of the data. For the saturated hydrocarbons, these parameters include:

● Total Alkanes (TALK) = n-C 10 through n-C34

● Low Molecular Weight Alkanes (LA LK) = n-C 10 through n-C20

e T O T = Total Resolved plus Total Unresolved Complex Mixture

The concentrations of the individual isoprenoid alkanes (pristane and phytane)
and the results of the U V/F, reported as concentrations of Prudhoe Bay crude (0.7)
equivalents at 355 n m, are also included in the tabulations of the saturated hydrocarbons.

The aromatic hydrocarbons are presented in terms of the following
parameters:

Q N= Naphthalene + Methyl N aphthalene + C 2
N aphthalenes + C ~ N aphthalenes  + C 4
Naphthalenes
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9.9 : 0.5 7.8 ~ 0.8 9.1 ~ 0.9
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5B 5E
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TOC (ZZWS) 6.4 z 1.8 29.2 ~ 2.1 17.0 ~ 2.2 10,1 ~ 0.2 2.1 : 0.3 U.5 ~ 3.9

Figure 4.3 Sum m ary of Metal Concentrations, Silt and Clay Fr=ctins, and
Organic Carbon in Prudhoe Bay-G w ydyr Bay Area Sedim enti.
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Figure 4-4 Sum m ary of Metal Concentrations, Silt and clay Fractione,  and Total
Organic Carbon in East Ham5son Bay Sediments.
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Figure 4.5 Sum mary of Metal Concentz-atiom,  Silt and Clay Fractions,  and ToM
Organic Carbon in West Harrison Bay Sediments.
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e p=

●  D =

●  F =

●  PAH=

Phenanthrene+ Methyl Phenanthrene+ C2
Phenanthrenes+ C3 Phenanthrenes+
C4 Phenanthrenes

Dibenzothiophene + Methyl Dibenzothiophene +
C2 Dibenzothiophenes+ C3 Dibenzothiophenes

Fluorene+ Methyl Fluorene + C2 Fluorenes+
C 3 Fluorenes

Fluoranthene + Pyrene + Benzo(a)anthracene  +
Chrysene + Benzofluoranthene +
Benzo(e)pyrene + Perylene

4.3.1 Saturated Hydrocarbons

Benzo(a)pyrene +

For tile saturated and U V/F hydrocarbon parameters, the range generally
enco repasses two orders of magnitudes. Total alkanes (TALK), the n-C 10 through n-C 34
compounds, range fro m 0.68 vg/g to 22.8 ug/g while the 10 w molecular weight manes
(L AL K), or n-C 10 through n-C20 compounds, range from 0.24 to 4.0 Bg/g. The highest
sediment concentrations of pristane and phytane are 0.305 @g and 0.144 v~g~
respectively, while the 10 w end of the range is represented by 0.008 .u g/g and 0.003 ug/g,
respectively for pristane and phytane. UV/F, measured at 355 nm, varies from 5 Hg/g to
309 .ug/g. The total resolved plus unresolved hydrocarbons (TOT) ranges fio m 2.7 u g/g to
68.0 L@g. The highest values for all the above parameters are clearly associated with the
sectim ents h m Station 6B, for which the highest tit and clay grain size fPactions, as well
as the Mgh-st metal concentrations, are dso reported.

Figure 4.7 presents the data for the seven stations located in the eastern
section of the Study Area, which include the C arming River Delta (the “2’1 stations), the
Mikelson Bay - Stockton Island area (the ?t3’1 stations) and the Foggy Island Bay transect
(the 1’41’ stations). Three of the stations (4A, 3B and 2F) represent those at which
complete replicate sets were analyzed. The highest concentrations of hydrocarbons are
generally found at Stations 3B and 4A. Low est levels of all parameters occur at Station
2E. The nearshore-toaffshore  transect stations (4 A, 4B and 4 C ) do not appear to sho w a
gradient for any of the parameters. Grain size and total organic carbon data appear to
follow the same pattern indicated by the hydrocarbon data.

In the central portion of the Study Area, the Prudhoe Bay-G w ydyr Bay region
includes the “51’ stations which are divided into two station groupings for presentation.
Figure 4.8 presents the data for the Endicott Field transect stations, selected to represent
1-, 2-, 5-, and 10- mile distances fko m the Endicott Field locations. As was found with the
metals data, the hydrocarbon concentrations at these stations do not presently indicate a
gradient away fro m the proposed area of activity. The higher levels of all parameters
occur at Stations 5(5) and 5(1 O) while the 10 wer concentrations are found at Stations 5(2)
and 5(1 ). The grain size and total organic carbon data follow a similar  pattern.

Figure 4.9 presents the data for the rem eining  stations in the offshore Prudhoe
Bay-G wydyr Bay site. The highest saturated hydrocarbon concentrations are generally”
associated with Stations 5A, 5 D and 5F, or the stations nearer to shore, w bile the 10 w er
levels are found at those stations further offshore.

Data for East Harrison Bay (the “6’1 stations) are displayed in Figure 4.10.
Highest sediment hydrocarbon concentrations are clearly associated with Stations 6B and
6A, the stations nearest to the Colville  River mouth, while Stations 6 C, 6D and 6F, those
furthest offshore, show 10 w er concentrations. A transect out fio m the C olville River
mouth is represented by Stations 6B, 6 C and 6 D. Hydrocarbon concentrations, grain size
and total organic carbon data at these stations clearly follow an offshore gradient, with
highest concentrations associated with Station 6B and 10 w est levels at Station 6D.

Figure 4.11 presents the data for the West Harrison Bay stations. Trends at
these stations are lees clear, although Station 7E generally exhibits the highest overall
concentrations. The low est levels are associated with Station 7B. The relationship
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4B 4C 3A 3B 2E 2F

0.92 1.86 2.78 4.46 ~ 1.19 0.30 1.42 + 0.26

0.24 0.51 0.49 0.82~ 0.23 0.25 0.39 ~ 0.05

0.016 0.028 0.035 0.047 ~ 0.013 0.009 0.026 ~ 0.001

0.007 0.012 0.017 0.023 : 0.006 0’.004 0.010 ~ 0.002

3.62 6.a7 9.91 13.91 ~ 3.34 2.34,,. 5.59 ~ 0.7?

U V/l? (355 nm ) 35f6 8~2 21~8 3322 3427 7~1 1934
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Figure 4.7 SummaryofSaturatedand UV/F Hydrocarbon Concentrations,SiItand
C3ay Fractions,and  Tota10rganic  Carbonic i3astemStudy Area
Sediments.
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bet ween hydrocarbon data, and grain size and total organic carbon is also somewhat
unclear at dl stations except 7B, for which the 10 west values are reported.

4.3.2 Aromatic Hydrocarbons

The aromatic hydrocarbon data for station areas ‘121!,  113~! and ~f411 in the eastern
section of the Study Area are presented in Figure 4.12. Trends similar to those
establbhed  for the metals data and saturated hydrocarbon data in this area are also
observed with the aromatics. Stations 4A, 3B and 3A reveal the highest sediment
concentrations for this group of parameters, w We the 10 west levels always occur at
Station 2E. Of the nearshore-to-offshore transect stations, 4 C, or the furthest offshore
station, has 10 wer concentrations of aromatics than Station 4B which occupies the middle
station of the transect.

In the Prudhoe Bay-G w ydyr Bay region, data for the Endicott Field transect
stations are show n in Figure 4.13. Once again, the aromatics data follow the same trends
found with the metals and saturated hydrocarbon data. The higher sediment aromatics
levels occur at Stations 5(5) and 5(10) while the 10 wer concentrations are associated with
Stations 5(1 ) and 5(2). No indication of a gradient away fko m the Endicott Field is obvious
in the data set.

Aromatic hydrocarbon data for the six rem tig Prudhoe Bay-G w ydyr Bay
area stations are displayed in Figure 4.14. At Station 5 D, the station nearest to shore and
to the Id est Dock, sediments generally reveal the highest concentrations of aromatics.
Lowest values appear to be associated with Station 5G sediments. Data for the rem ting
stations vary by individual parameters.

Figure 4.15 presents the data for the five stations in East Harrison Bay.
Highest concentrations of aromatics are found in sediments fho m Station 6B which is
nearest to the C olville River mouth. Low er levels are associated with those stations
further offshore (6c, 6D and 6F). The stations comprising a transect out fio m the
Colvi31e  River Delta (6B, 6 C and 6D ) clearly reveal a decrease in aromatic hydrocarbon
levels with distance fro m the river outlet.

Data for the West Harrison Bay stations are shown in Figure 4.16. Higher
aromatics levels are generally associated with Station 7 A which is nearest to shore, while
the 10 west concentrations most often occur at Station 7B. For the remaining stations in
this area, data vary by station as well as by parameter.

4.3.3 Hydrocarbons in Tissues

Pooled bivalve tissue sa m pies collected from three stations were analyzed for
hydrocarbons. These data, along with corresponding sediment data, are shown in Figure
4.17. Hydrocarbon concentrations in Wsues are detected for the saturates and by the
U V/F scan. How ever, with the exception of phenanthrenes in Station 6D M aco m a
sa m pies, no other aromatics are found ti the tissues.

4.3.4 Historical Data

The sampling strategy, as outlined ti Section 1, specified that the 1984 BSM P‘
survey would occupy several stations for which baseline data were available. Nine
stations h our survey are in the proximity of eight nearshore sediment baseline stations of
Shaw e~ aL (1979). Figure 4.18 presents the locations of these stations and the
corresponding hydrocarbon data. Only quantitative saturated hydrocarbon data are
av~ble for co m p~on.

Iil co m paring the two data sets, considerations must be given to several
factors. Sha w% (1979) data set does not include grain size and total organic carbon
analyses, parameters which are highly valuable in interpretatii.ng  the hydrocarbon data.
Differences in analytical methodologies may also contribute to the disparity in some of
the data.

In general, the best agreement between the two data sets is in the
L A L K/TALK and pristane/phytane  ratios. Stations 5F (BS M P, 1984) and 10 (Shaw et al.,
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F@ure 4.12 Sum mary of Aro math? Hydrocarbon Concentz%Mms,  Silt and Clay
Fractions, and Total Organio Carbon in Eastern Study Area Sedim enk%
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1979) see m to show the sm dlest variability in the data across dl parameters. Reasonable
agree m ent M seen in the data for Stations 6 A and 7 as w en, although no temporal trends
can be invoked as explanation for any of the data in Figure 4.18.

4.4 Al@liary Data

At all sediment stations, total organic carbon and grain size data were
collected fro m each replicate grab. These data are used to characterize the properties of
the sediments, and to supplement the interpretation and discussion of the sediment metals
and hydrocarbon data. ~ addition, correlations between grain size, total organic carbon
content, metal and hydrocarbon concentrations have been established and are discussed in
Section 5.

4.4.1 Total Organic Carbon

Table 4.1 presents the data for the total organic carbon analyses. M cans ~ one
standard deviation represent six replicate analyses at each station. Since total organic
carbon generally has a positive correlation to sedi ❑ ent grain size, values for the combined
tit and clay &actions are included in the data presentation.

The T O C range covers two order of magnitude: 2.10 mg/g at Station 5B to
29.2 m g/g at Station 5 D. The 10 w est T O C levels are generaJly associated with the eastern
half of the Study Area. Although the highest single T O C value occurs at Station 5D (near
West Dock, Prudhoe Bay), the highest area T O C levels generally
Harrison Bay area (“7” stations).

4.4.2 Grain Size

Table 4.2 presenti the grain size m cans and standard

occur in the West

deviations for the—
sediment replicate sa m pies at all stations. Although the analyses deter mined the
individual -1 to >10 phi size categories for each sa m pie, the data are grouped into gravel,
sand, silt, and clay fractions for the convenience of interpretation.

The sediment grain sizes of the Beaufort Sea appear to vary enormously by
region. As can be deduced from the large standard deviations of grain size categories at
many of the stations, large variations in the texture of the sediments are found even
a m ong replicates of the same station. Thus, general trends in sediment co m position are
dif’ilicult  to infer from these data alone.

M cans for the tit and clay fbactims  range from 63 % and 40%, respectively?  to
1$ for  both fractions. The range for the sand fraction k 11 % to 97%, w me gravd ranges
between O % and 36%. R egioneJly, the sediments from stations in the eastern segment of
the Study Area (the “2”, “3” and “4” stations) are generally dominated by sand and gravel
fractions, while combined silt and clay are most often dominant in the West Harrison Bay
station sediments (the “7” stations). High percents of gravel are associated with
sediments &o m Stations 4 A and 4 C (36% and 26 %, respectively).

4.5  Hydro~Pbic Data

The hydrographic data collected on-site at all stations (except. 5 D) are
presented in Table 4.3. Water temperature and salinity were measured on the surface
(1 m) at m stations, and at mid-depth and bottom where depth permitted. Due to
instrument and/or equip m ent problems, data for dissolved oxygen are into m plete.

Salinities range fro m 16.54 0/0. at the surface to 31.78 0/00 at bottom depth.
Water stratification, resulting fro m the freshwater inputs of nearby rivers, can be noted
at most all stations, particularly from the salinity data and to a lesser extent by the
water temperatures. A relatively fhesh surface layer appears throughout the Study Area
with the exception of Stations 6B and 7B, and several extremely shallow locations.
(Stations 7A, 7E, 7G, 5F). The Simfirity in surface and bottom water te m Peratures at
Stations 6B and 7B may suggest recent m~g of the water COIU m n, creating the saltwater
wedges observed at these locations.
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Table 4.1 To= Organic Carbon M cans and Standard
Deviations, and Percent Silt + Clay for dl Sedim ent
Stitions.

STATION TOC (mg/g) SILT + CLAY (%)

2E

2F

3A

3B

4A

4B

4C

5(1)

5(2)

5(5)

5(10)

5A

5B

5D

5E

5F

5G

6A

6B

6C

6D

6F

7A

7B

7C

7E

7G

2.4  ~ 0 .2

5 .6  ~ 1 .0

8 .4  ~ 0 .6

9.2 ~ 0.5

7.2 ~ 1.0

3.0 ~ 0.8

3.1 ~ 1.6

4.5 ~ 0.9

3*1~1.7

9.7 ~ 4.6

12.9 ~ 9.2

10.1 ~ 0.2

2 .1  ~ 0 .3

29.2 :2.1

4.5  ~ 3 .9

17.0 ~ 2.2

6 .4  ~ 1 .8

11.5~ 1.3

18. o ~ 0.7

6.2 ~ 1.4

3.8~ 1.1

10=5 ~ 3.4

11.4 ~4.2

5.6 ~ 0.8

13.4 ~ 0.6

17.3~ 1.8

26.3 ~ 10.2

7 . 6

14.7

41.9

64.8

32.8

6 .5

16.0

9*5

3.6

36.4

33*7

72.4

3.3

72.5

25.4

61.3

17.5

66.5

88.6

28.5

10.9

61.5

65.5

13.3

84.6

68.2

10.1
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Table 4.2 Sum mary of Grain-Size Data for all Sediment stations.

Sediment Type

STATION % GRAVEL % SAND $ SILT % CLAY

2E

2F

3A

3B

4A

4B

4C

5(1)

5(2)

5(5)

5(10)

5A

5B

5D

5E

5F

5G

6A

6B

6C

6D

6F

7A

7B

7C

7E

7G

0.22 ~ 0.20

0.04 ~ 0.07

0.01 ~ 0.02

0.30 ~ 0.59

36.44 ~ 19.76

3.19 ~ 6.33

26.09 ~ 19.05

1.o8 ~ 1.62

0.01 ~ 0.01

0.32 ~ 0.28

0.03 ~ 0.06

0.05 ~ 0.10

0.01 ~ 0.02

1.01 ~ 1.33

2.18t 1.84

4.57 ~ 5.59

0.o8 ~ 0.16

0.24 ~ 0.18

0

0 .1630.16

0 .10+0.18

0.34 ~ 0.38

0.01 ~ 0.03

0

0.35 ~ 0.56

0 .5131.01

0

92.00 ~ 1.6o

84.84 ~ 3.55

58.03 ~ 1.79

34.46 ~ 4.22

29.91x5 .16

89.17 ~ 5.89

5 6 . 8 8 : 2 2 . 9 0

88.01 ~ 1.8o

96.41 ~ 1.21

63.77 ~ 2.42

65.07 ~ 14.71

27.55 ~ 9.99

96.92 ~ 0.95

25.70 ~ 2.60

68.50 ~ 36.74

34.08 ~ 7.43

81.58 ~ 3.05

33.47 ~ 3.50

11.37 ~ 8.48

6 9 . 0 0 : 1 5 . 5 3

89.03 ~ 5.80

34.83 ~ 26.53

34.58 ~ 5.60

86.68 ~ 4.52

15.07 ~ 1.79

31.72 ~ 2.88

89.95 ~ 1.01

4.64 ~ 0.68

10.12 ~2.99

28.18? 1.57

46.39 ~ 3.30

16.97 ~ 6.71

3.48 ~ 1.57

8.73 ~ 3.31

5.34 * 1.99

1.77 ~ 0.42

23.73 & 2.70

22.44 & 8.53

51.02~ 8.84

1.72 ~ 0.47

58.92 ~ 3.63

9.41>10.53

51.00 ~ 4.28

9.72 ~ 1.50

48 .6523.02

62.80 ~ 5.62

12.29 ~ 7.93

4.33 ~ 2.25

32.86 ~ 11.88

58.05 ~ 4.12

8.02 ~ 2.83

44.42? 1.93

54.95 ~ 4.05

8.83 ~ 0.57

2.95 A 0.80

4.58 ~ 1.50

13.77~ 1.15

18.45 ~ 1.22

15.80 ~ 10.51

3.05 ~ 2.09

7.29 ~ 4.01

4.21 ~ 1.27

1.86 ~ 0.54

12.6632.14

11.23 ~ 3.36

21.72* 1.96

1.60 ~ 0.97

13.56 ~ 1.26

15.96 ~ 23.41

10.35 ~ 2.20

7.78 ~ 1.56

17.85 ~ 1.58

25.8o ~ 1.55

16.18 ~7.27

6.54 ~ 3.02

28.62 ~ 13.42

. 7 . 4 6  ~ 1.8o

5.30 ~ 1.96

40.17  ~2.61

13.26 ~ 1.55

1.24 ~ 0.38
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Table 4.3 Hydrograpkdc  Data for 1984 BSMP Survey

Statkm TEMPERATURE oC SA IJNIT Y (0/00) DISSOLVED OXYGEN (ppm)
Statbn Depth (m) Surfttce Mid Bottom Surf’ace Mid Bottom Surface Mid Bottom

2E
2F
3A
3B
4A
4B
4C
5A
5B
5D

a 5E
N 5F

5G
5(1)
5(2)
5(5)
5(10)
6A
6B
6C
6D

6F

7A
7B
7C
7E
7G

7*5
2.0
6.o
4.0
5.0
8.o
9.0

12.0
16.5

18.o
2.0
9.0
5.5
5.5
7.0
9.0
3.0
6.o

15.0
18.o
13.0
2.0
6.0

15.0
3.0
3.0

-0.4/lm
, -0.9/lm

-0.4/1 m
-0.5/1 m

2.1/lm
1.5/lm

-0.2/1 m
0.0/1 m

-0.3/1 m

-0.4/1 m
-0.6/l m
-0.6/1 m

,, -0.2/1 m
-0.3/1 m

-0.4’1 m
-0.3/1 m

2.2/1 m
0.5/1 m
0.6/1 m
0.6/I m
0.3/1 m
2.0/1 m
0.6/I m
0.6/I m
1.9/lm
1.2/lm

-lo2/3m

-0.7/3m
-0.5/2m

1.4/4m
-0.4/5 m
-1 .2/6 m
-1 .2/8 m

-1 .2/9 m

-1.O/5m
-0.2/3m
-0.4/3 m
-o.5/3m
-0.6/4m

0.0/7 m
-0.5/9 m
-0.l/6m

0.6/3m
0.37 m

-1.3/6m
-O. 5/2m
-1 .0/5 m
-0.5/3 m

1.6/4m
0.2/7 m

-0.7/9 m
-1.2/llm
-1.3/15m

-1.2/17m

-1 .o/8 m
-0.9/5 m
-0.8/5 m
-0.8/6 m
-1.l/7.5m

0.1/2m
0.4/5 m

-0.6/14m
-0.8/17m
-0.5/12m

0.5/5 m
-0.7/14m

1.9/3m
1.22/5 m

22.44
21.10
23.57
23.71
18.88
19.02
17.43
22.37
25.20

24.85
28.22
22.72
23.57
23.50
23.57
22.09
17.64
29.96
17.50
17.16
19.71
16.54
21.52
17.70
20.06
23.71

30.69

25.99
24.07

19.08
24.14
31.13
29.38

30.83

30.18
23.78
23.71
23.50
28.58

23.00
27.28
28.44

21.52
31.20

31.27
25.56
28.65
26.28
18.95 12.1
26.52 13.5
29.52 13.0
31.64
31.78

31.64

31.64
30.03
30.47
30.03
31.56
30.47 12.0
30.32 12.1
30.62 12.2
31.34
31.34

22.86
31.71
20.06
23.71

12.5
13.3 13.4
13.4 13.7

12.6a
1 2.2a

I l.ga

12.6a

I 2.7a
13.0
11.8

12.8 13.8

aA nalyzed by’ Winkler Titration Method.

Blanks indicate no sample was analyzed



The fluctuations in water temperatures are s m all with changes in depth as well
as between stations. Temperatures range between -1 .3*C and 2.2° C. The dissolved
oxygen data$ although limited , suggest w e.ll-oxygenated waters throughout the w ater
column. Values for dissolved oxygen range between 11.8 ppm and 13.8 ppm.

4.6 Qudlity  Control. Results

4.6. I Metals

Accuracy was deter mined by analyzing Standard Reference Materials (S R M )
sediment standard MESS-1 and oyster tissue N BS-SR M 1566. Results for analysis of five
replicates of these standards and the certified or best values are shown in Tables 4.4 and
4.5. Generally the range of values obtained overlaps with the range of best values,
verifying that the methods e m ployed are accurate.

A nelytical precision was also determined by analyzing replicates of the S R M
(Table 4.4 and 4.5). The precision (coefficient of variati*n,  C V) for metals in sediment is
10% or less. With the exception of Cr which showed greater variability, the precision is
also excellent for tissue sa m pies.

Detection limits were calculated &o m the procedural blanks by using twice
the standard deviation of the mean for replicate procedural blanks (Tables 4.6 and 4.7).
The detection limits were mostly in the range of tenths to several pp m dry weight and did
not prevent quantification of metals in sa m pies. Reagent blanks were deter mined before
the f!ield sa m pies were analyzed to verify that detection limits w ou.ld not be adversely
affected by reagents (Tables 4.8 and 4.9).

Because Ba in sediments can be a df’f!icult metal. to dissolve, approximately
10% of the sediment sa m pies were analyzed by both X RF and IC A P. The X R F technique
does not require sediment d&olution. The results of the technique co m parisions are
shown in Table 4.10. The m cans of five replicate field grab sa m pies are within two
standard deviations for the different techniques.

4.6.2 Hydrocarbons

The hydrocarbon Q C program consisted of the analysk of procedural blanks,
blank spikes, the reextraction of sa m pies, and the analysis of a National Oceanic and
At m osphefic Ad ministration/National Analytical FaciJity (N O A A/N A F) reference
sediment. Blanks analyzed by U V/F at 312 and 355 nm e mission wavelength yielded total
laboratory background concentrations between O and 35.6 #g Prudhoe Bay oil equivalent
which, when divided by a sample weight (e.g., 150 g of sediment) are within an acceptable
range. Some of this background at 312 n m may be due to the the o-terphenyl  internal
standard. The same blanks analyzed by G C-FID showed a series of sm dl peaks (probably
phthsJic acid esters) eluting around n-C 25. Potential interferences &o m these
components were considered minim al.

Blank spikes consisted of a mixture of n-alkanes  (range n-C 10 ‘tO n-C 34) and a
l-ml ampule of NBS-SR M 1647 (PA H in acetonitrile). Recoveries of the n-alkanes,
calculated versus added androsane internal standard, ranged between 50 and 100$, with
10 w er recoveries associated with the m ore volatile components. Recoveries of individual
PA H in NBS-SR M 1647 are @ted in Table 4.11. Recoveries of several PA H were low and
some what variable. Steps have now been taken to m edify analytical procedures (in
particular solvent concentration methods, which are a major source of volatilization
losses) in order to gain higher and more urdfor m P A H recoveries.

In order to determine the adequacy of the extraction methods, sediment
sa m pies were reextracted and found to contain between 0.01 and 0.09 @g dry weight
total saturated hydrocarbons, indicating that the extraction method em pl.eyed thoroughly
extracted all hydrocarbons.

Four sediments were fortified with Prudhoe Bay crude ofl following initial
extraction, then reextrac ?d and analyzed by U V/F to determine total. oil concentrations.
The results, shown in Table 4.12, indicate recovery of the spike ranges between 60 to 75$.
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Table 4.4 Analysis of Replicate Samples of Mess-1, a Standard Reference
Sediment.

METALS (ppm Dry Weight)

Ba Cd Cr Cu Pb v Zn

270 0.720 63 23 35.4 77 161
270 0.740 62 29 31.9 81 168
284 0.760 62 26 33.5 79 171
279 0.685 64 24 37.9 77 176
279 0.631 66 27 34.5 81 176
275 0.667 64 30 36.5 81 170
273 0.707 64 24 32.7 77 164
275 0.706 63 28 32.7 84 167

— — —

Mean 275 0.702 64 26 34.4 80 169
SeD.a 4.8 0.041 1.3 2.6 2.1 2.6 5*3
Cv(%)b 2 6 2 10 6 3 3

Best Valuec 270 0.59 71 25.1 34.0 72.4 191
S.D. 0.10 11 3.8 6.1 5*3 17

a
b
c

Standard Deviation
C oefftcient of Variation
Values reported by the Marine Analytical Chemistry Standards Program,
National Research Council, Canada
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Table 4.5 Analysis of Replicate Samples of Oyster Standard 1566, a Standard
Reference T~ue.

METALS (ppm Dry Weight)

Ba Cd Cr Cu Pb v Zn

4*43
4.78
5.48
4.98
5*33

Mean 5.00
S.D. 0.42
Cv(%) 8

Best Value N/A
S.r).

3.84
4.05
4.I6
3*95
3.89

3.98
0.13

3

3.5
0.4

0.69
.86

2.01
3.88
0.75

1.64
1.36

83

0.69
0.27

59*7 0.50 1.34
59.2 0.50 0.94
59.7 0.46 1.14
59.7 0.46 1.14
58.7 0.46 1.14

59.4 0.48 1.14
0.5 0.02 0.14

1 5 12

63.0 0.48 N/A
395 0.04 -

823
815
832
827
827

8.25
6
1

852
14

N/A = Not Available.
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Table 4.6 Analysis of Replicate Proceduml Blanks for Sedim ent Digestion.

METALS (ppm Dry Weight)

Ba Cd Cr Cu Pb v Zn

1.8
1.6
1.8
1.6
2.0

Mean 1.8
S.D. 0.17
Cv (%) 9

Detection
Limit 0.4

0.100
0.100
0.100
0.100
0.100

0.100
0.0

0

0.04

8.6
8.4
9.2
9.2

10.0

9.08
0.63

7

1.2

1.60
0.80
0,80
0.40
0.80

0.88
0.44
50

0.9

1.60
1.60
1.6o
1.28
1.60

1.0
1.8o
1.6o
l.O
1.6

:::
3.8
3.4

10.0

1.54
0.14
9

0.3

1.4
0.37
27

0.4

4.84
2.91
60

6.o
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Table 4.7 Analyais of Replicate Precedumil  Blanks for Tissue Digestion.

I
I

METALS (ppm Dry Weight)

Ba Cd Cr Cu Pb v Zn

0.040
0.040
0.060
0.040
0.040

Mean 0.044
S.D. 0.009
Cv (%) 20

Detection
Limit 0.01

0.053
0.053
0.107
0.053
0.053

0.04
0.07
0.07
0.08
0.09

0.40
0.40
1.00
0.40
0.40

0.O64
0.024

38

0.04

0.07
O*O2
27

0.04

0.52
0.27
52

0.5

0.55 0.80 0.90
0.50 2.20 1.00
0.55 1.00 1.00
0.50 0.80 1.00
0.55 0.80 1.00

0.53 1.12 0.98
0.03 0.61 0.05

5 54 5

0.06 1.2 0.1

i “
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Table 4.8 A nalysk of Replicate Sam @es of Reagents to Establish Reagent Blank
for Setim ent Digestion.

METALS (ppm Dry We@t)

Ba Cd Cr Cu Pb v Zn

6.o 0.100 2.6 700 1.92 10.0 8.1

5.0 0.120 2.6 3.0 1.6o 6.o 7.0

5.0 0.140 2.4 3.0 1.92 5.0 7.0— — — —

Mean 5.3 0.12 2.5 4.3 1.81 7.0 7.4

S.D. 0.58 0.02 0.12 2.3 0.18 2.65 0.64

Cv (%) 11 17 5 54 10 38 9
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Table 4.9 Analysis of Replicate Sam plee of Reagents to Establish Reagent Blank
for Tissue Digestion.

METALS (ppm Dry Weight)

Ba Cd Cr Cu Pb v Zn

0.2 0.107 .04 0.2 0.50 0.4 0.4

0.2 0.160 .07 0.2 0.63 1.1 0.5

0.3 0.040 .07 0.5 0.55 0.5 0.5
— — — —

Mean 0.23 0.10 0.06 0.3 0.56 0.67 0.47

S.D. 0.05 0.06 0.02 0.14 0.07 0.31 0.05

Cv (%) 22 60 29 47 12 46 10

I

I
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Table 4.10 Co m par5son of Techniques for Determination of the Concentration of
Metals in Sediments.

METALS

Ba Cu Pb Zn

Mean XRF
S.D.

Mean ICAP
S.D.

Mean ZGFAA
S.D.

Mean XRF
S.D.

Mean ICAP
S.D.

Mean ZGFAA
S.D.

235
18

237
18

456
167

541
74

Station 5(1) (5 Replicate Field Grab Sa m Pi-es)

14.4 7.06
2.7 1.30

9.0
2.7

4.92
0.33

Station 5A (5 Replicate Field Grab Samples)

23.2 10.52
2.8 2.06

20.6
1.1

9.13
0.87

41.7
3*9

34.6
2.2

86.2
5.3

65.4
5.4

100



Jso

32

53 ; 9

Table 4.11 Recoveries of PA H Contained in NBS-SR 14-1647 Subjected to
Hydrocarbon Analytical Scheme. Data Reported Relative to
o-Terphenyl  Internal Standard.

Percent Recovery Relative
to O-Terp henyl

Replicate No.
1 2 3-4 5 x ~sd

N aphthalene

Fluorene

Phenanthrene
+

A nthracene

Fluoranthene

Pyrene

Benzo(a)anthracene

C hrysene

B enzofluoranthene

Benzo(a)pyrene

30

64

131

46

48

38

43

95

30

24

62

131

48

49

45

46

119

38

11

141

92

60

62

122

112

81

86

30

69

132

53

55

48

51

113

30

22

58

116

43

43

37

38

97

30

50 + 7

51 ~ 7

58 ~ 36

58 ~ 31

101 ~ 15

43 ~ 24
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Table 4.12 Analytic@y-Determined U V/F Total Oil Concentrations in Sedim enf%
Fortifted with Varying Concentrations of Prudhoe Bay Crude OiL

Concentration UV/F (312 nm) UV/F (355 nm)
Sample Added Concentration Concentration
Replicate (#g/g dry weight) (/lg/g dry weight) (J&g dry We@t)

1 181.8 136.2 145.7

2 149.0 94.7 94.7

3 228.8 135.5 145.9

4 148.4 9 3 * 5 97.6
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The concentration of total saturated hydrocarbons and selected hydrocarbon
parameters in the N O A A/N A F reference sediment samples are shown in Table 4.13. Since
the velues determined by the N O A A/N A F are not known, we are unable to co m m ent on
the agree m ent of our data with those of N O A A laboratories. However, it is evident from
Table 4.13 that excellent agreement was attained among the three replicates analyzed,
indicating good analytical precision. A similar conclusion can be derived from the
concentration of individual n-alkanes (Table 4.14) and P A H (Table 4.15). Since no S R M
was included in the analyses, a determination of accuracy could not be made in this
sample set.

4.6.3 Total. Orgam“c Carbon

Table 4.16 present=  the resulti of the Q C data obtained for the total organic
carbon analyses. Single replicate sa m pies from two stations were randomly chosen and
split. Three analyses were perform ed on each sample to determine reproducibfity of the
analytical method. As can be noted fko m the data, variability between splits k minimal
and indicates acceptable analytical precision.

Since no SR M or spiked sa m pies
determined.

4.6.4 G- Size

were analyzed, accuracy could not be

The quality control program m ainteined  by sediment laboratory is part of a
Battelle  laboratory-wide Q C program. Project-specif!ic  measures carried out include
documentation of sample custody and data handling, reagent Q C checks, and the analysis
of numerous split sa m pies to ascertain method variab~ty.

Table 4.1 ‘i’ presents results of nine duplicate sediment grain size analyses
perform ed during the course of the analytical work. These data indicated that, for the
wide range of sediment textures analyzed, reproducibility of the methods is acceptable.
As can be expected, the greatest variability occurs in the -1 phi category (gravel). In the
higher phi classes (or smaller grain sizes), less variability bet ween split sa m pies is
observed.

Since no S R M was included in the analyses, a determination of accuracy could
not be made in this sample set.

5. ANA LYSCS AND INTERPRETATION OF DATA

5.1 Introduction

The task of analyzing and interpreting the data consisted of two basic
approaches. The first approach dealt with an examination of the data from geoche mical
and biogeoche mical perspectives. In this approach, spatial distributions of metals and
hydrocarbons were examined along with co m positional aspects of the data which
suggested generic sources of observed distributions. It is the geoche mical perspective
which sets up the &am e work for null hypothesis testing, insofar as the interpretation of
the data suggests key diagnostic parameters and parameter ratios to be used in hypothesis
testing.

The second interpretive approach was a statistical one which, during the
Year 1 program, examined the statistical aspects of the data set, including the within-
station variability in the key parameters and parameter ratios. Thus, the statistical
analysis was geared tow ards determining what degree of change might be detectable given
the veriabfity, and the etiting  and elternate replication sche m es.

5.2 Metals Chemistry

During the f!h’st year of this program, we have established the concentrations
of seven metals in sediments collected during Septe m ber 1984 from the Beaufort Sea
continental shelf. Sediments were collected and anelyzed from 27 stations with 6
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Table 4.13 Concentrations of Total. Saturated Hydrocarbons (F 1) and Selected
Hydrocarbon Parameters in N O A A Reference Sediments.

Replicate No.
Parameter 1 2 3 z fsd

Total Saturated Hydrocarbons 10.39
(@g dry weight)

% Resolved 15

% Unresolved 85

PrWn- C 17 0.70

Phy/n- C 18 0.29

Pris/Phy 1.21

0 E PIa 6.44

10.89 9*93

15 14

85 86

0.61 0.62

0.22 0.26

1.73 1.45

5.91 5.87

1 0 . 4 0  +  0 . 4 8

15 ~ 1

85 ~ 1

0 . 6 4  ~ 0 . 0 5

0 . 2 6  ~ 0 . 0 3

1 . 4 6  ~ 0 . 2 6

6 . 0 7  ~ 0 . 3 2

a Odd Even Predominance Index as defined by Boeh m (1984).
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Table 4.14 Concentrations of n- Alkanes in N O A A Reference Sediment.

I

I
I Concentration (rig/g dry wt.)

n-lllkane Replicate No.

I
Carbon No. 1 2 3 % ~sd

I
10

I
1 la

12
13

I
14
15
16

I
17
18
19
20

1 21
I 22

23
I 24
I 25

26
27II 28
29
30
31
32
33

30:
3
4
3
9

24
9

18
16
8

50
18
26
26
41
30
75
38

160
6

237
24
90

35;
4
4
5

10
21
12
18
12

8
50
14
20
16
34
23
73
34

178
28

267
22

113

3
285

;
4

10
20
11
8
15
8

48
12
17
14
30
20
62
29

149
23

220
19
75

31?

;
4

10
22
11
15
14

8
49
15
21

;;
24
70
34

162
-lg

241
22
93

+
+
+
-1-

+

-t
+

+

+
+

+

+

i-
+

+

-t

+

+
+
+

+—
4-

+

+

1
0
1
1
2
2
6
2
0
1
3
5

2
5
7
4

15
12
24
3

19

I

a Elevated value due to conta ❑ ination.

I
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Table 4.15 Concentrations of Polycyclic  Aromatic X ydrocarbons (PA H) in NOAA
Reference Sediment.

Concentration (rig/g dry wt.)
Replicate No.

Co m pound 1 2 3 z ~sd

3 2Naphthalene 1 2

2
2
2

ND

1

<1
<1
ND
ND

4

8
7
3
1

< 1

1
2
1

10

11

13

12

56

20

18

61

1

1
1
1

+

+
+
+

C 1-N aphthalenes
C 2-N aphthalenes
C3-Naphthslenes
C 4-N aphthalenes

1
1
1

ND

1 1
2 2
1 1

ND

Biphenyl <1 3

C l-Biphenyls
C 2-Biphenyl.s
C 3-Biphenyls
C 4-Biphenyls

<1
ND
ND
ND

<1
ND
ND
ND

Phenanthrenes 3 2 331

6
4
1
1

C ~-Phenanthrenes
C 2-Phenanthrenes
C 3-Phenanthrenes
C 4-Phenanthrenes

5
4
1

<1

Dibenzothiophene <1 <1

<1
<1
ND

C l-Dibenzothiophene
C 2-Dibenzothiophene
C 3-Dibenzothiophene

<1
1

ND

6 6 7 + 2

2

6

4

18

6

7-

11

Fluoranthene

Pyrene 8 8 9 +

Benzo(a)anthracene 3 3 6 ‘+

4 7Chryzene 5 +

Benzofluoranthene 25 25 35

9 13

6 10

43 48

+

Benzo(a)ppne 9 +

Benzo(e)pyrene 6 +

P erylene 41 +
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I Table 4.I6 Quality Control Data for TotAl.
Organic Carbon Analyses.

STATION 7E-1OO5 TOC (mg/g)

Split A 18.2
Split B 15.9
split c 18.9

STATION 7G-1oo6

Split A 16.9
Split  B 17.8
split c 28.2

I

I

I
I

I

I
I
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Table 4.17 Quality Control Data for Grain Size Analysis.

g

-1
0
1
2
3
4
5
6
7
8
9

10
>1 c1

g

-1
0
1
2
3
4
5
6
7
8
9

10
>1 c1

g

-1
0
1
2

:
5
6
7
8
9

10
>10

STATION 4A-1OO3
A B

STATION 5(1)-1001
A B

38.79 58.86
4.91 3.60
4.43 3.46

10.72 7.37
8.82 5.94
3.13 2.12
4.21 2.09
3.98 2.65
3.98 2.76
3.48 2.38
4.01 2.06
1.55 1.39
7.99 5.32

STATION 6F-1oo4
A B

0.33 0.06
0.75 0.53
2.I9 2.58

11.14 11.89
60.97 60.59
12.16 10.53
2.08 3.00
2.61 2.33
1.47 2.04
1.49 1.39
1.13 0.88
0.90 1.31
2.79 2.88

STATION 5E-1 003
A B

STATION 5B-1 003
A B.

0 0
0.04 0
0.46 0.47

16.45 17.42
77.28 76.19
3.37 3.42
1.91 2.00

0 0
0 0
0 0

0.48 0.52
0 0
0 0

STATION 2F-1007
A B

0.91 0.47
0.47 0.08
0.68 0.28
0.48 0.50
1.38 1.25

14.36 11.77
7.58 12.24

11.67 9.36
13.53 13.70
10.93 11.04
8.73 9.90
6.87 8.22

22.42 21.18

STATION 5F-1OO3
A B

4.92 2.52
2.20 1.84

11.11 11.42
1 5*49 17.76
34.66 37.11
8.36 8.11
1.54 0.56
2.22 2.95
3.20 2.64
3.70 3.71
3.17 3.37
2.70 1.64
6.73 6.36

STATION 7A-1OO1
A B

o 0
0 0.02

0.07 0.07
1.53 1.46

42.87 41.73
37.42 35.13
3.63 4.8o
4.16 4.38
2.99 3.80
1.71 2.42
1.83 1.59
0.65 1.03
3.11 3.58

STATION 7E-1OO1
A B

4.92
2.20
11.11
15.49
34.66
8.36
1.54
2.22
3.20
3.70
3.17
2.70
6.73

2.52
1.84
11.42
17.76
37.11
8.11
0.56
2.g5
2.64
3.71
3.37
1.64
6.36

0
0.09
0.22
0.26
1.82

26.19
39.88
13.8o
4.68
3.65
Z.gg
1.26
5.16

0
0.10
0.19
0.38
1.90

27.21
37*94
13.16
5.18
3*95
2.62
1.81
5.57

2.02
0.38
0 . 6 1
1.34
4.o6

28.3o
25.97
12.66
6.72
4.03
2.62
1.41
9.88

0
0.38
0.71
1.60
3.92

25.98
30.88
11.86
6.84
4.96
2.74
1.94
8.19
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replicate grabs per station analyzed for metals. The m can, range, standard deviation, and
other measures of within-station variance for m etds are presented in Section 4. The
concentrations of metals are similar to those reported for other sandy and muddy
continental shelf sediments &o m both Alaska and other coastal regions of the United
States. The within-station variances are often in the range of 4-15% for coefficients of
variation (C V), although occaaiowilly  the C V exceeds 30%.

The correlations bet ween metals, T O C, and sediment grti size indicate
approximately 50$ of the variability in the m etsl concentrations can be predicted by
either T O C, silt, or clay content. These three parameters are about equally positively
correlated with metal concentrations. Usually, the stations with high C V for metals also
have high variance for T O C and grain size. This indicates that within-station variability
will, be the factor that Iim its our abiJity  to resolve differences between stations and
resolve temporal trends (see Section 5.4).

5.2.1 Sediment Sources and Dynamics

During the last 20 years there have been several studies that investigated the
sources and move m ent of sediments in the Beaufort  Sea. The major riverine source of
sediment is tine ColviUe River which enters eastern Hawison Bay (Carlson, 1976). Most of
the river-borne sediments are deposited in deltas or lagoons (Neidu et al., 1982).
Shoreline erosion is the other source of sediment to the area, estimated at 1-4 m /yr elong
some regions of the coast (Hume and Schalk, 1967; Short et al., 1974).

The prevailing easterly winds transport both river plum es and resuspended
nearshore sediments westward during the open-water season. Westerly storms, which
occasionally occur during sum m er and fell, can be important in the easterly transport of
nearshore sediments (D ygas and BurreIl, 1976). Ice=scotig and sediment ramg may
also be important sediment transport processes.

5.2.2 Relationships Bet ween Metals and Properties of Sedim ent

The broad regional variations in grain size, T O C and metals of the Beaufort
Sea surface sediments have been discussed by N aidu et al. (1982). The general pattern
they observed is an increase in % mud (silt + clay) in sediment, T O C, and heavy metals
with distance offshore. Generally, the middle and outer continental shelf areas are
carpeted by poorly sorted sandy muds. The inner shelf and bay sediments are m airily silty
sand and sandy silt with minor amounts of clay and gravel. The gravel on the outer shelf
sediments may be relict deposib, indicating that much of the mud transport on the shelf
is apparently bypassing the shelf area and depositing in deeper water. The poorly sorted
sediments on the she~ are probably a result of m~g by ice gouging and bioturbation.

The correlation coefficient for metals, silt, clay, and T O C are all relatively
high. These correlations indicate the m etds are either associated with the organic
matter in the sediment, the clay minerals or the coatings on the sediment particles.
Metals correlate approximately the same with either grain size as T O C. (A correlation
m atti is presented in Section 5.4).

The relationships between Ba, % mud, and % T O C are shown in Figures 5.1 and
5.2. The line in these figures is the least squares linear relationship. The mean
concen~ations for 27 sediment stations were used to establish these relationships. Also
plotted .on these figures are the mean and standard deviation for four regions of the
Beaufort Sea Study Area. Based on these data, the present concentrations and
distributions of Ba in the sediments appear to be controlled by grain size and TO C.

The relationship between V and % mud (Figure 5.3) has a correlation
coefficient 0.86. The regional differences in V appear to be related to grain size, as we3L
Sediments fbo m Station 6B in East Harrison Bay contained the highest metal
concentrations and the highest silt plus clay content. Station 6B is nearest the C olville
River delta. Other stations in both East Harrison Bay (6 A-6F) and West Harrison Bay
(7A -7 G) which contain high concentrations of silt and clay are similarly high in
concentrations of metals. How ever, stations with relatively 10 w silt and clay contents
(e.g., 6D ) contain 10 wer metal concentrations.
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5.2.3 Comparison of Metals Chem-X with Historical Data

The concentrations of metals reported by this study are similar to velues
reported by Robe~on and Abel (1979) and Naidu et al. (1982) for the Beaufort Sea and by
Cam pbell and Loring  (1980) for Baffln Bay in the Canadian Arctic. There are considerable
ranges in metal. concentrations shown ti Table 5.1 due to both variation in sediment
texture and posble differences in analytical techniques. All sediment chemistry studies
in the Arctic have reported the strong positive correlation between increasing metals
content and decreasing particle size. For exam pie, Campbell and Loring (1980) report the
correlation coefficient for Cu with % mud, nearly identical to that determined in the
present study; r=O.76 and r= O.85, respectively.

The metal concentrations in Beaufort Sea sediments are in the range of those
reported for similarly textured sediments on both the East and West coast of the United
States (Bothner  et al.., 1983; Katz and Kaplan, 1981).

5.2.4 Geographical Trends

Based on the data for the 27 stations sa m pled, there do not appear to be
geographical trends in the concentration of metals in the sediments other than those
differences attributable to changes in T O C and grsh size. The mean sediment
concentrations of metals, T O C and mud in four regions of the Beaufort Sea are shown in
Table 5.2. There & almost no difference in the concentrations of Cd, Cr, Cu, and Zn in
the four regions. There are increases in the concentrations of Ba, Pb, V, T O C and mud in
the sediments fro m East Harrison Bay area (the “6’! stations) and West Harrison Bay
stations (the “7” stations) co m pared to the Foggy Island Bay (the 1’3” and 1’4’1 stations) and
Prudhoe Bay (the “5” stations) sediments. The concentrations of m etels in the two
stations fro m West Camden Bay are not included in Table 5.2 but are similar to those
deter mined for stations near Foggy Island and Prudhoe Bay. These limited data suggest
that either there are no m ~“or differences in the chemical co m position of sediments
supplied to the B eaufort Sea by rivers and shoreline erosion or the differences in
co m position are lost as the sediments are mixed and dispersed on the shelf. There may be
a --cant trend of increasing T O C toward the west that & not due to grain size. The
sources of the T O C are probably the rivers and shoreline erosion.

5.2.5 Metals i.n Bivalve Tissues

The mean concentrations of metals in bivalve tissue are listed in Table 5.3.
Because of the difficulties in collecting adequate nu m hers of bivslves only three stations
were analyzed for metals. The mean concentrations and standard deviations represent
either three or five replicate analyses. Each sample was a composite of 5-10 individual
bivalves. The standard deviations are usually about ~ 25% of the m can, indicating that
m cans which differ by a factor of two may be significantly different.

The only metal that appears to vary between species k Cd which is
approximately * times higher in Astarte than in C yrtodaria. There appear to be
bet ween-station  differences in metal concentrations for As@rte,  particdarly  for Cu.
Three metals (C u, Zn and Cd) are present in bivalve tissues in concentrations equal to or
greater than the concentration of metals in the sediments fko m which the bivalves were
collected. Both C u and Zn, which are necessary micronutrients  to animals, are present in
tissue at approximately the sediment concentrations. Cd, which has not been
demonstrated to be a necessary element, is bioaccumulated  in the kissue to between 7-15
times the concentration in the sediment. The other four m etds (Ba, Cr, V and Pb) are
approximately 10 times 10 wer in tissue than in sediment. If the bivalves were
bioaccu m ulating metals from sediment there could be a correlation between tissue and
sediment concentrations. There is no obvious relationship between the concentration of a
given metal in tissue and sediment. However, the data are limited to sediments that were
sandy and similar in metal content.

Additional bivalve sa m pies to be collected during the second year will. zdlo w
comparison of difference within species and between species, and relationship to sediment
chemistry.
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Table 5.1 Range of Total Metal Concentrations in Arctic Coastal Sedim ents.

PPm Dry Weight

This Study Naidu et aL (1982) Campbeill and Loring (1980)

Ba 193 - 745
Cd 0.04 - 0.29
Cr 17 - 92 82 - 97 16 - 139
Cu 5 - 37 10 - 61 4-42
Pb 3 -17 4-42
v 32 - 153 25 - 275 47 - 156
Zn 19 - 112 38 - 130 17 - 83
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Table 5.2 Regional DitYerenCeS in the CO mP@tion of Sedim efi Collected in 1984 fkom the Beaufort
Sea.

Study Region
(No. of stations) Ba Cd Cr CU Pb ~ Zn— — TO(2 Hud—— _ ——

Dry Weightppm f Dry Weight

Foggy L41and (5) Mean
(the ‘3n and ‘4” S.D.
Stations)

Prudhoe Bay (10) Mean
(the ‘5n Stations) S.D.

East Harrison (5) Mean
Bay (the “6n Stations) S. D.

West Harrison (5) Mean
Bay (the ‘7” Stations) S. D.

309 0.14 47 23 6. I 59 51
73

0.62 32
0.04 10 3 1.3 32 14 0.26 20

279 0.16 37 15 6.5 60 53 0.99 33
120 0.07 13 5 1.8 26 17 0.78 26

444 0.14 64 22 10.7 104 73 1.00 51
157 0.08 17 9 3.5 28 21 0.49 28

587 0.10 58 16 9.9 92 69 1.48 48
78 0.03 12 6 2.8 28 17 0.89 31

. .
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Table 5.3 C oncentrathm of H etals in Bivalve Tissue.

Ba Cd Cr Cu Pb v Zn

PPm dry weight

Station 5F (5 replicate composites of Cyrto daria)

Mean 17 1.4 3.2 16 0.48 3.3 68
S.D. 5 0.1 0.7 4 0.08 0.8 8

Station 3A (5 replicate composites of Astarte)

Mean 8 . 3 9 . 3 2 . 4 12 0.61 1.9 73
S.D. 1.5 3.1 0 . 5 3 0.16 0 . 4 9

Station 6D (3 raplicate compoaitea of Aatarte)

Mean 30 11.2 4 . 5 28 0.80 5 . 3 96
S.D. 6 1.2 0 . 4 1 0.12 0 . 5 3
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5.3 Hydrocarbon Chemistry

5.3.1 General Interpretation&l Framework

The data generated as part of the hydrocarbon chemistry task consisted of
generally two types of data: U V/F data which describe gross-fluorescence properties of
the sample converted to quantitative data based on tine arbitrary, but relevant Prudhoe
Bay Crude oil (P B C ) standard; G C -FID and G C/ MS data which yield the concentration of
individual saturated (nor m al and isoprenoid slkanes) and aromatic (2- to 5- ring
homologous series) hydrocarbons, respectively. W bile U V/F data may be precise and
infer m ative in a relative sense, spatially the gro= property data are insensitive to subtle
co m positional changes and incre m entel additions of sub-pp m inputs of ‘tne w” m atwial
(i.e., pollutants). G C -FID and G C/ M S yield accurate and pre~e data at lower
quantitative levels and, in addition, key source diagnostic ratios can be calculated and
also used, along with quantitative data, to address the co m position of ambient
hydrocarbon concentrations, and to address changes in the co m position overtime.

Our approaches to interpreting the hydrocarbon data, in light of the four mill
hypotheses to be tested, are sum marized in Table 5.4 through 5.7.

5.3.2  Sediment Hydrocarbons

5.3.2.1 Overview of Hydrocarbon Data. The analytical results have been
sum marized  in Section 4.3. Total saturated hydrocarbon concentrations in surface
sediments (G C-FID data) range fkom 2.7 ppm to 69 ppm as shown in Figure 5.4, while total.
hydrocarbons (U V/F data) in Prudhoe Bay oil equivalents range fio m 7.5 pp m to 310 pp m
as shown in Figure 5.5. Note that the two sets of values, G C-FID and U V/F data, are not
directly co m parable. However, G C -FID (saturated hydrocarbon) and U V/F (total
‘hydrocarbons) are highly correlated, with r ❑ 0.88. Taking mean data fro m each station
we fid that the area-wide ratio of saturates (G C-FID)/total (U V/F) = 0.34 ~ 0.11. It
should be reemphasized here that U V/F determinations were obtained for all six sediment
sampling replicates at each station w bile six extracts were pooled at 20 of the 27 stations
to yield a single G C-FID and G C/ M S analysis at these 20 stations. At the remaining seven
stations, each of the six sediment sa m pli.ng replicates were analyzed by G C-FID
(saturates) and G C/ MS (aromatics).

Highest hydrocarbon concentrations (greater than 60 pp m P B C equivalents)
were observed in the Colville  River area (E. H amison  Bay) and in H amison Bay in general,
(Stations 6B, 6A, 6F, 7A, 7C, 7E), as well as at the mouth of Gwydyr Bay (Station 5F) and
near the West Dock/Stump Island area (Station 5 D ). In general, these stations contained
greater than 60% sW plus clay and greater than 10 m gfg T O C.

5.3.2.2 U V/F Spectra. The U V/F spectral characteristics of the sediment
extract were quite uniform throughout the Study Area. As illustrated in Figure 5.6, which
depicti a representative sediment U V/F spectrum along with that of P B C, the major
spectral bands for Study Area sediments are at 355 n m, corresponding to the 3-ringed
aromatics; 312 n m, corresponding to the 2-ringed aromatics; and the spectral doublet
corresponding to the co m pound perylene of diagenetic  origin. Spectral characteristics of
PBC are similar, with maxima at 312 and 355 nm although the 312 nm peak shows greater
abundance than the 355 n m peak. No perylene  doublet is observed in the oil. Due to the
large background fluorescence in the area’s sediments, it is highly doubtful whether U V/F
results will be effective in detecting small incremental additions of petroleum
hydrocarbons to the sediment.

5.3.2.3 Gas Chro m atographic  Co m posWion of Saturated Hydrocarbons. The
saturated hydrocarbon co m position of the Beaufort Sea Study Area sediments is quite
urdfor m despite absolute concentration differences that range over one and a half to two
orders of m agriitude. This co m positional homogeneity strongly suggests that the
sediments fbo m the entire Study Area are similarly sourced.

The moderately strong dependence of the saturated hydrocarbon
concentrations on silt/clay content (r = 0.8 for saturates versus silt, and r = 0.55 for
saturates versus clay) and on T O C content (r = 0.7 for saturates versus T O C) is illustrated
in Figures 5.7 and 5.8.
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Table 5.4 Saturated Hydrocarbon Quantitative Para me- [G C/FID)
Used to Test Null Hypotheses H 01 (Sediment Concentrations)
and H 03 (Bivalve C Oncentralions)

PARAMETER SIGNIFICANCE

1.

2. n-alkanes C 1o-C2O (L AL K):

3.

4.

Total n-a3kanes  (TALK): Quantifies n-alkanes fko m n-C 10
to n-C 34; baseline data are
available at area wide stations in
the Beaufort. This total is
directly related to the fineness of
the sediment and, hence, to the
total organic carbon content.

Crude petroleum contains
abundant amounts of n-alkanes in
this boiling range; unpolluted
sa m pies are very 10 w in many of
these alkanes.

Phytane: This isoprenoid alkane is 10 w in
abundance in unpolluted sediment;
crude oil contains .s@rb5cant
quantities of phytane.

Unresolved Complex Mixture (UC M): The U C M is generally a feature of
weathered petroleum although
microbial activity can contribute
to formation of these G C/ FID -
unresolved components.
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Table 5.5 saturated Hydrocarbon Parameter Source Ratios (G C/FID) Used to
Test Null Hypotheses H 02 (Sediment Hydrocarbon Sources) and H 04
(Bivalve Hydrocarbon Souroes).

PARAMETER SIGNIFICANCE

1. LA LK/TALK This ratio has been applied to monitoring
studies to indicate the relative abundance
of C 1 ~. C 20 alkanes  characteristic of light
crude and refYned oils, over the total
alkanes  which are diluted by terrigenous
p)ant waxes.

2. Isoprenoid Alkane/Strsight This parameter ratio measures the relative
C hti Alkane Ratio abundance of branched, isoprenoid elkanes

to straight chain alkanes in the same
bo~g range. This ratio is a useful
indicator of the extent of biodegradation
and a source indicator as w en.

3* Pristane/P  hytane Ratio: The source of phytane is m airily petroleum,

4. n-alkanes/Total
Carbon (TO C):

while prkkane is derived fio m both
biological matter and oiL, In IIcleantl
sa m pies, this ratio is very high and
increases as ofl M added.

Organic The ratio of totel saturated hydrocarbons
(TO T) to TO C, or n-elkanes  (a subset of the
saturated hydrocarbons) to T O C has been
used to monitor oil inputs. In sediments
receiving llnor m el’~ pollutant input9 within
a given region, a specific TOT/TO C or
n-alkanes/T O C ratio is characteristic of
the IIgeoche mical providence’!. T O C, n-
alkanes,and other pollutants are associated
with finer particles (i.e., high silt/clay
content). S m dl (tens of pp m ) additions of
petroleum to the sediment cause the ratio
to increase dram aticdly,  since n-alkanes
(K/g) increase and TO C ( mg/g) does not.

5* O E PI (odd-even carbon The range of O E PI velues for Beaufort Sea
preference index): sediments has been established. Oil 10 wers

the O E PI value. O E PI values in areas of
10 w hydrocarbon content have been used as
an effective monitor of oil additions.
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Table 5.6 PAH Quantitative Parameters (G C/MS) Used to Test NuIl
Hypotheses Ho 1 (Sediment Concentrations) and H03 (Bivalve
Concentrations).

PARAMETER SIGNIFICANCE

1. Total P olyc yclic Aromatic The sum of 2-5 ringed aromatics is a
Hydrocarbons (PA H) good quantitative indicator of

petrogenic addition M statistical
Jimits are determined. The sum of
2-3 ringed P A H is a better indicator
since these components are move
prevalent in oiL

2. Individual P A H and P A H Key individual P A H compounds may
homologous series (i.e., be quantitatively less variable than
naphthalenes,  phenanthrenes the total P A H parameter. Also,
and dibenzothiophenes) several individual marker co m pounds

(e.g., the alkylated dibenzothiophenes)
may be extremely sensitive key
monitoring parameters.
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Table 5.7 PAH Source Parameters (G C/MS) Used to Test Null
Hypotheses H02 (Sediment Sources) and H04 (Bivalve
Solnms).

PARAMETERS SIGNIFICANCE

1. Fos@l Fuel Pollution Index Pyrogenic or co m bustion-detived
(F F PI)a P A H assemblages are relatively more

enriched in 3-5 ringed PAH
co m pounds; foSJ. fuels are highly
enriched in 2-3 ringed P A H and
polynuclear  organo~tir co m pounds
(e.g., dibenzothiophene and its alkyl
ho m ologues). This ratio is designed
to determine the approti  m ate
percentage of fosssil fuel to total
PAH.

2. Alkyl Ho m ologue
Distribution

3. Speci_llic  P A H ratios

Used to assess the importance of
fossil fuel and combustion P A H
sources.

For exam ple, the ratio of
phenanthrenes to dibenzothiophenes
appear to be related to specific
sources of P A H (and others).

4. PA H/TOC Analogous to total hydrocarbon/TO C
ratio.

a FFPI = N +
‘ + ‘ + ‘ B TX I O O

Total PAH

= 100 for fo~ P A H (oil, coal)
= Ofor combustion PAH

where:

,. N = CON, CIN, C2N, C3N, C4N (naphthalenes)
P = COP, CIP, C2P, C3P, C4P (phenanthrenes)
F ❑ COF, CIF, C2F, C3F (fluorenes)

II DBT= CO DBT, CIDBT, C2DBT, C3DBT (dibenzothiophenes)

Total. PAH= N+ P+ F+ DBT+FLAN+PYRN +BAA+CHRY+BAP+ BE P+ BFA+PERY
,
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Figure 5.9 presents several. G C- FID traces representing stations of 10 w,
m ediu m and high (Stations 5(1), 7 G and 6B, respectively) hydrocarbon concentration. The
chro m atogra ms illustrate a n-alkane co m position containing a full suite of alkanes ll% m n-
C 10 through n-C33. There are two distributions superi ❑ posed on one another: the n-
alkanes  fbo m n-C, o to n-C Z. consisting of similar quantities of odd carbon number and
even carbon nu in ber slkanes;  the n-zdkanes  &o m n-c z 1 through n-C 33 exhibiting a strong
odd carbon number predo m~~ance. The higher molecular weight slkane odd carbon
predominance can be expressed as:

2(C27+ C29)
(C26+ 2 C 28-O)

(Barrington and TrlPP, 1977; Boehm, 1984). This odd-even predominance index (OEPI) is
relatively high in all study area sediments, ranging from 2.7 to 8.1 (Table 5.8). These high
O E PI values attest to the important contribution of terrigenous plant wax m ateri.al
transported by fluvial  discharge to coastal waters. These terrigenous  plant waxes have
been observed commonly else where (W akeha m and Barrington, 198o),

The more interesting distribution concerns the C 10 to C 20 n-alkanes,  the su ❑

of which is equal to the LALK parameter in Table 5.8. This alkane distribution very much
resembles petroleum -like distributions. As often is the case for oil sp~ studies (e.g.,
Figure 5.10), the presence of L A L K .@nties petroleum inputs superimposed on a
background consisting m airily of terrigenous plant wax elkanes. T ~ distribution was
observed for all Beaufort setim ents. Either all of the sediments are significantly
contaminated with petroleum hydrocarbons or another diagenetic  source must be
postulated. This source is almost certainly peat which is found abundantly in the
sediments and which is sourced to the sediments fro m tundra cliff erosion. No direct
analyses of peat from the area are av~ble for comparison.

Although the total alkanes, n-C 10 through n-C 34 (TALK in Table 5.8) range
over elm ost two orders of magnitude, the ratio of L A L K to T A L K is relatively constant.
The L A L K/TALK ratio ranges narrowly fio m 0.12 at Station 5D to 0.48 at Station 6D and
for the entire study area averages 0.27~ 0.08. This ratio value is quite precise within a
given station (see Section 5.3) with ‘/x values (coefficients of variation = C V ) typically
0.04 to 0.12, thus making it a good monitoring candidate due to the fact that fresh
petroleum w~ add preferentisly to the n-C 10 to n-C 20 range. The variability in the
T A L K and L A L K parameters themselves are much greater, with C V values ranging fio m
0.05to 0.68 for LALK and O.10to 0.45 for TALK.

The G C-FID traces shown in Figure 5.9 also exhibit other features co m m on to
petroleum and other diagenetic sources (Le., peat). Branched alkanes  are abundant in the
chro m atogra ms. The highly branched tioprenoid alkanes have been examined in detail as
source indicators and possible m onitofig  para m eters. Table 5.8 presents mean data on
pristane and phytane concentrations as well as the prMane/phytane  ratio. Another
possibly useful pars meter ratio & IS O/AL K, which expresses the ratio of five koprenoid
alkanes with chro m atographic retention indices of 138o, 1470 (farnesane), 165o, 1708
(pristane), 1810 (phytane) to the f!ive adjacent n-alkanes,  C 14 through C 18. We prefer to
use this ratio over the single ratios of pristane/n- C 17 or phytane/n-  C ~ 8. The mean
ISO/ A L K and pristane/phytane  ratios for each station are presented in Table 5.8. Note
the rem arkable constancy of the IS O/A L K value which nnges fio m 0.39 to 0.55, excluding
Stations 7E and 7 G values which are discussed below. This constancy suggests a strong
uniformity in alkane source to the sediments, perhaps peat again. Simtirly, the
pristane/phytane values (excluding Stations 7E and 7 G) range narrowly fho m 2.0 to 2.9.

An anomalous biogenic pristane input at Stations 7E and 7 G results h higher
pristane/phytane  ratios (3.5 and 4.7, respectively) at these stations. Likewisej the
IS O/AL K vslues 0.62 and 0.92 are influenced by pristane inputs. The elevated pristane
value at Station 7 G is noted in the G C -FID trace presented in Figure 5.9.

Pristane and phytane are highly correlated in the Study Area (r=O.gs)  although
neither isoprenoid is particularly highly correlated with T O C or grain size parameters (see
Section 5.2.2.5). Alkane parameters T A L K and L A L K are highly correlated with each
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Table 5.8 Tabulation of Several Key Saturated H ydmcarbon, Pam m etens and
Diagmstic Ratios by M cans at Each Stationa.

Station LALK TALK LALK PHY Pm 3S0 OEPI
(@g) (@g) TALK (f%) (@g) PHY ALK

2E
2F
3A

::
4B
4C
5(1)
5(2)
5(5)
5(10)
5A
5B
5D
5E
5F
5G
6A
6B
6C
6D
6F
7A
7B
7C
7E
7G

0.26
0.39
0.50
0.82
0.62
0.24
0.51
0.30
0.27
0.67
0.71
1.00
0.28
1.14
0.61
1.32
0.75
2.43
4.02
1.21
1.27
1.39
1.33
1.17
1.65
1.72
1.05

0.80
1.42
2.78
4.46
3.41
0.92
1.86
1.23
0.68
3.48
3*59
5.92
0.77
10.8
2.31
11.5
2.97
8.47
22.8
3.99
2.50
7.24
5.76
3.65
7.32
7*93
3.99

0.32
0.27
0.18
0.18
o.I8
0.27
0.27
0.24
0.39
0.19
0.20
0.17
0.36
0.12
0.26
0.12
0.25
0.29
0.18
0.30
0.48
0.19
0.23
0.32
0.23
0.22
0.26

0.010
0.026
0.035
0.047
0.046
0.016
0.028
0.016
0.008
0.056
0.053
0.086
0.010
0.072
0.044
0.072
0.056
0.096
0.305
0.067
0.032
0.091
0.o8o
0.043
0.099
0.142
0.214

0.004
0.010
0.017
0.023
0.019
0.007
0.012
0.007
0.003
0.027
0.018
0.041
0.004
0.034
0.019
0.032
0.022
0.039
0.144
0.030
0.013
0.038
0.031
0.016
0.045
0.041
0.045

2.5
2.6
2.1
2.0
2.4
2.3
2.3
2.3
2.7
2.1
2.9
2.1
2.5
2.1
2.3
2.3
2.5
2.5
2.1
2.2
2.5
2.4
2.6
2.7
2.2
;:;

0.44
0.48
0.45
0.44
0.43
0.44
0.43
0.46
0.39
0.52
0.47
0.52
0.45
0.41
0.45
0.42
0.47
0.49
0.51
0.47
0.47
0.46
0.55
0.45
0.47
0.62
0.92

6 . 0
6 . 2
7 . 0
7.1
6 . 2
2 .7
4 .9
5 .7
5 . 4
5 . 2
6 . 5
6.1
4 . 0
8.1
4 . 2
7*9
5*5
7*O
5.7’
5 . 4
5 . 2
7 .3
6 . 6
5*9
6 . 2
7.1
3=7

a See Section 4.3 for explanation of ter ms
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other (r=O.92) and, as discussed in the next section, to aromatic hydrocarbons as w en.
5.3.2.4 G C/MS Co reposition of Aromatic H ydrocarboh. Analytical results on

the extensive set of aromatic hydrocarbon (A H) determinations have previously been
presented in Section 4.3. As was the case for the saturated hydrocarbon co m position, the
A H co m position is remarkably constant, with the 2- and Minged A H (i.e., naphthalene
and phenanthrene  homologous series) more abundant than the & and 5-ringed A H.

Three typical A I-1 compositional plds from Stations 2F, 5F and 6B, and from
Stations 7G and 6A and PB C reference material are shown h Figures 5.11 and 5.12,
respectively. These co m positional plots, each normalized to the co m pound or ho m ologue
in greater abundance, reveal the three sim~ types of co repositions. ~ all three the
abundance of the naphthalene and phenanthrene co m pounds greatly exceeds the 4- and 5-
ringed co m pounds. T MS situation is unusuel for marine sediments where, except for areas
of marked fosdl fiel pollution inputs, coastal sediments contain greater relative
quantities of A H characteristic of combustion or pyrolytic sources, with the 4- and 5-
ringed co m pounds dominating. It is highly unusual to see the ratio of fo~ A H to
combustion A H exceeding 0.5 (even in heavily industrialized areas) due to the input of
considerable amounts of combustion A H products (i.e., burning of fossil fuel) followed by
deposition and runoff of combustion particulate (Boeh m et al., 1984). Of course, since
the B eaufort Sea is not heavily industrialized, what we are probably seeing is the product
of tundra cliff erosion and the resultant transport of high organic, diagenetic  peat to the
offshore stations.

The Fossil Fuel Pollution Index FFPI (Boehm, 1983; Boehm and Barrington,
1984), which is a ratio of fossil (coal, oU, peat) aromatics to total aromatics is
consistently greater than 0.7 at all stations (Table 5.9). Note that the denominator of this
ratio is co m prised of all aromatics including the abundant diagenetic  co m pound perylene.
If perylene, a 5-ringed AH, were omitted fro m the FFPI then ell FFPI values would be
near unity, m aldng t~ ratio unuseable for a diagnostic source indicator for future
“petroleum additions, despite its relatively high precision within each station (s/~ ranges
fro m 0.04 to 0.08, except at station 7A where s/~ = 0.22).

The most abundant single aromatic co m pound in most of the sediment sa m pies
was perylene which is a co m m on &genetic aromatic co m pound in offshore marine
sediment (Wakeha m et aL, 1980). It is either produced in situ in the sedim enti
(Aizenshtat, 1973; Gschwend  et al., 198 3) or is transported offshore fbo m terrigenous
sources (Venkatesan and Kaplan, 1982).

In order to provide diagnostic source-type information &o m the G C/ M S data,
we have explored the exploitation of the relative abundances of specific homologous
series as graphically depicted in Figures 5.11 and 5.12. Specii?ically,  the quantitative
ratios of the homologous series N/P and P/D (N =naphthelenes; P =phenanthrenes;
D =dibenzothiophenes) are presented h T able 5.9, with higher ratios found near the
C olviJle River mouth in Harrison Bay. At each particular station in which replicates were
analyzed, the N/P ratio is fairly precise with s/z values ranging narrowly from 0.10 to
0.20, much m ore precise than the absolute N and P values themselves. Similarly, the P/D
ratio precision ranges fho m 0.10 to 0.20, excluding station 2F. Values of P/D range from
3.5 to 12. Note, in Table 5.9, the N/P and P/D values of a typical relevant crude oil
sa m pie. The N/P and P/D ratios, 4.0 and 1.1 are very much different than ambient ratios.
If indeed the source of sedimentary aromatics is largely natural, then these specific.
aromatic homologous series ratios may be used to distinguish aromatic inputs ~ m other
diagenetic inputs. The dibenzothiophene series seems to be an especially important
petroleum indicator amid the significant overall A H background.

5.3.2.5 Statistical Correlations. In order to view the individual parameter
distributions with in the entire Study Area in a more holistic sense, Pearson comelat.ion
coefficient were determined between the major parameters. As shown in Section 5.4, all
of the organic parameters are highly correlated (r O .8), illustrating that the entire
hydrocarbon asse m bl.age co-varies strongly throughout the Study Area. Much weaker
correlations are exhibited bet w een the hydrocarbons and grain size (silt + clay) and T O C
parameters. The total alkanes (TALK) and total saturates (TOT) appear to correlate well
with sdlt-sized particles (r=O.8) but the A H correlate much less (r=O.4 to 0.7) with both
grain size and T O C. Additional statistical considerations are presented in Section 5.4.
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Table 5.9 Sum mary of Aro matie Hydrocarbon Diagnostic Ratim

Stat5an FFPI? N/Pb P/Dc

2E
2F
3A

::
4B
4C
5(1)
5(2)
5(5)
5(10)
5A
5B
5D
5E
5F
5G
6A
6B

6C
6D

6F

7A
7B
7C
7E
7G
Prudhoe  Bay Crude
o i l

0.85
0.76x0.04
0.81
o.84~0.06
o.82~o.03
0.87
0.82
0.83
0.76
0.76
0.83
0.81
0.83
o.79~o.06
0.85
0.69
0.79
0.83
0.85
0.83~0.07
o.79~ 0.04
0.82
0.83 ~0.019
0.80
0.83
0.88
0.88
1.00

0.59
0.46~ 0.06
0.79
0.92~ 0.14
0.933 0.09

1.0
0.74
0.79
0.56
0.74
0.81
1.11
0.81
0.91 ~ 0.20
0.91
0.86
0.94
0.99
1.72
0.96~ 0.18
l.oo~ 0.17
1.o8
1.29+_ 0.20
1.07
1.13
1.73
1.70
3*97

7.9
12.7 ~ 7.3
8.6
8.41 1.4
4.5 ~ 0.49
3.4
4.5
501
3.8
5.4
5.0
9.4
4.0
5.8 ~ 0.59
4.6
6.7
7.5
3.5
6.2
4.5 ~ 0.90
5.1 ~0.83
5.3
5.61 1.1
4.9
5.7
7.4
12.1
1.14

a Fossil Fuel Pollution
~dex: Naphthalenes+ Phenanthrenes+ Dibenzothi-D-henes+  Fluorenes

TotalPAH

b N/p .Naphthaenes  (CON - C4N)/Phenanthrenes(COp-  C4p)

c P/D = Phenanthrenes( COP- C4P)/Dibenzothiophenes (CODBT- C3DBT)
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5.3.2.6 Geographical Analysis. The distribution of hydrocarbons in Harrison
Bay can be understood in terms of input fio m the C olville River and the general east to
west flow in the coastal Alaskan Beaufort. The C olwUle, although sm edler than the
Mackenzie River in Canada, ti the largest Alaskan river e m ptying into the Beaufort Sea.
The C olville drains most slope of the Brooks Range (but not the coastal plain) between 150
and 1600 W; the annual flow is 1010 m 3 with an average T O C content of 12 mg/L. The
region drained by the C olville contains numerous outcropping coal deposits as well as
natural petroleum seep areas and oil shale outcrops. In particular, there is a 1.5-m il.e long
Oil. Lake (700 1811J, 151° 09’W) slightly west of the Colville and 5 miles fim the coast.
This lake was named for the natural seep oil which forms a slick on its surface. The
terrain drained by the C olville, like the terrain of the entire Alaskan north slope, does not
have well developed so% but rather contains various depths of seasonally thawed
peat-like material.

Consequently, the organic matter carried by the C olville includes &actions
derived fro m peat, coal and ofl. Additional peat enters the marine environ m ent fro m
direct erosion of 10 w bluffs which are a co m m on feature on the Beaufort coast. Although
these natural sources may account for the fluorescent material and diagenetic P A H found
in Harrison Bay sediments, anthropogenic sources cannot be entirely excluded. Suspended
material discharged by the Colville m eves west following the general coastidne of
Harrison Bay as can be seen in sateMite  photos of the Colville sediment plume (see Naidu
et al., 1984). Material can be deposited in shallow water, resuspended, and finally
deposited in deeper water. This sediment transport pathway is consistent with the high
U V/F and (U V/F)/T O C results at Station 6B and velues at other H arrkon Bay stations (6A,
6c, 6D, 6F, 7A, 7E, and 7G) which, compared to other stations, are alevated  in all
saturated and aromatic co m pounds. Five of ten sedim ent sa m pies fio m Harrison Bay were
> 50 % silt + clay, co m pared to four of sixteen for stations to the east of OWok Point.
This tendency tow ard finer grained sediments indicates that at least portions of Harrison
Bay WKL receive preferential deposition of 10 w density organic detritus.

Two stations within Harrison Bay, 7E and 7 G, exhibit anomalous marine
biogenic inputs as reflected in higher absolute and relative quantities of pristane. These
stations may be the site of elevated productivity, perhaps due to nutrient loadings lt’o m
the C olville River.

Marine sediments collected between the mouths of the Coltie and Canning
Rivers, including the Prudhoe Bay area, showed 10 wer U V/F, (U V/F)/T O C, and total
hydrocarbon values than those fro m Harrison Bay. Higher hydrocarbon concentrations are
generally associated with fS.ner grained (3B, 5A, 5D, and 5F) and more organic rich (5 D and
5F ) stations. There are probably fewer natural petroleum seeps and coal. outcrops to the
east of the C olville. Also, the drainage system east of the C olvt!le consists of smaller
rivers which discharge material more uniformly along the coast. These factors will lead
to greater dispersion and 10 w er concentrations of hydrocarbons.

However, in overall aromatic and saturated hydrocarbon co m position,
sediments fPo m thb area are quite similar to the sites further west. Fro m sediment data
of the stations near Prudhoe Bay or adjacent to Seal Island there is no evidence of
anthropogenic inputs related to petroleum exploration activities.

5.3.3 Bivalves*

The data on hydrocarbon content and co m position of benthic bivalves collected
in Year 1 of the study were sparse due to generally 10 w bivelve abundances at selected
sediment sampling stations, and an inability to sample further offshore due to ice
conditions. Sam pies collected in sufficient quantity for analysis included:

Astarte borealis: Stations 3A and 6 D
C yrtodaria kurriana: Station 5F
Maco ❑ a calcarea: Station 6D

Analytical results are sum marized in Section 4.3.
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All anim ah exhibited extremely 10 w abundance of U V/F-detectable
fluorescent AH. A greater relative amount of 312 n m aromatics were detected by U V/F.
T w o typicsl  spectra are presented in Figure 5.13. These spectra show two main features:
the 312 n m response and evidence for perylene in the sa m pies, the latter perhaps h m a
sediment source.

Detailed analyses of these sa m pies by G C -FID and G C/MS were conducted,
but revealed very 10 w levels of detectable material. A characteristic G C -FII1 trace h
Figure 5.14 ~ustrates  prim aril.y a biogenic background totally different fio m the
sediin ent chro m atogra ms. These biogenic compounds are unidentified. Normal alkanes
were detected at very 10 w levels in the sa m pies. No systematic differences are seen
bet we en the same species collected at different stations (i.e., Astarte).  W bile 10 w leve~
of n-alkanes were detected in the sa m pies, the amounts of these co m pounds are very
small co m pared to the biogenic background.

G C/ M S anlayses  of the sample replicates revealed 10 w or no detectable A H in
all of the sa m pies in spite of a positive U V/F spectral response at 312 n m. This apparent
paradox has been noted in other studies (e.g., Boeh m and Fiest, 198o). The absence of
detectable aromatics in background tissues indicates that the significant sedimentary
reservoir of A H is not readily available to filter feeding bivalves. Thus, aromatic anslyses
of bivalves may serve as sensitive indicato~ of water-borne petroleum exposure, rather
than sediment petroleum exposure.

5.4 Statistical Analysis

The initial goals of the statistical analysis for this reporting period are to
address the issues of data transfer m ation and data norm dization. With respect to data
transfer m ation,  the effect of a logarithmic transfer m ation on the homogeneity of the
within-station variances is examined. Based on the results of this analysis, a logarithmic
transfer m ation is applied to all measurements prior to any statistical analyses.

The effects of normalizing the data with division by percent silt ( $ SIL T),
percent clay ( % CLAY) and total organic carbon (TO C) are also examined. There is no
apparent reduction in within-station variability due to nor m alization by these para m eters.
It is concluded that normalization of the data by % SIL T, % C L A Y, or T O C is not
warranted. All statistical analyses are, thus, based on unnorm alized metal and organic
parameter measure m ents to which a logarith mic transformation has been applied.

Finally, the variability of each parameter is characterized and the magnitude
of temporal change that will be detected is determined for the current replication
scheme. These calculations and deter minations are based on the pooled within+tation
variab~ty of the parameters and the power of the t w o-a m ple t-test for detecting
changes in average cone entration.

~ the following analyses, within-station variability was estim ated at all
stations for metals, %SILT, $ CL A Y, U V/F at 355, and TO C. Within-station variability
for sIL other parameters was measured only at Stations 2F, 3B, 4A, 5D, 6c, 6D, and 7A
since data &o m re m aining stations were based on pooled nonreplicated sa m pies.

5.4.1 Data Transformation

A goal of the statktical analysis for t~ reporting period is to determine if a
logarithmic transform ation of the raw data will stabilize the within-station variability. It
is important that within-station variability be co m parable a m ong stations because one of
the overall gosJs of this study is to exa mine potential spatial gradients in chemical
concentrations. Further more, heterogeneity of within-station variability across stations
may reflect a general relationship between within-station m cans and variances. Such a
relationship will affect hypothesis tests concerning temporal changes in variables ,within
particular stations. In either case, reduction of variance heterogeneity will improve
statistical tests of the hypotheses proposed in this study.

Heterogeneity of within-station vaziances was
Levene’s test produced by the statistical computing
untransformed variables tested, the F values produced by
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of the ndl hypothesis that within-station variances were equal a m ong stations. A
logarit.h  m ic transfer m ation reduced the F velues for 15 of 18 organic parameters and for
four of these parameters, the null hypothesis of equal variances could not be rejected
(Table 5.10). Only one of seven log-transformed metal concentrations showed a reduction
in Levene?s F value but, in most cases, the differences between F values for transformed
and untransformed metal parameters are S m all (Table 5.1 O).

Based on the consistent reduction in Levene’s F value when organic parameters
are subjected to a logarithmic transfer m ation, all variables were subsequently
transfer med. This decision also rests on a general historical. precedent for using
logarithmic transfer m a’cions when analyzing che micsl concentration data. Although the
transfer m ation reduced Levene’s F for most variables tested, for only four of these
Vtibles &_d transfer m ation result in failure to reject the null hypothesis of homogeneous
variance. T bus, it must be realized that the station variances are probably heterogeneous
for most of the parameters even after the log-transformation.

It is important to note that the standard deviation of log-transfer m ed data
(natural logarithm ) may be fiterpreted as an approtim ate coefficient of variation for the
data on the originsl scale for standard deviation values s m dler than 0.70. This
relationship is easily ~ustrated using the lognor m sl distribution as an exam pie. Suppose
that l.n(Y ) has a normal distribution with mean P and standard deviation a; that @ suPpose
that a measurement Y follows a lognor m el distribution with parameters u and o. The
mean and standard deviation of Y are exp( E + u 2/2) and (exp(o 2)-1)1/2 exp(,u +02/2),
respectively. Thus, the coefficient of variation of Y is C V = (exp(a2) - 1)1/2.

For small values of (u< 0.7), exp(u2) % 1 + u 2 and, therefore, CV% u. The
actual C V value is always larger than o with the difference increasing as u increases. The
maximum relative difference in the range O f 0<0.7 M’ 12% for O= 0.7. Similar
relationships hold for the coefficient of variatio~ and the standard deviation of
log-transfer m ed data that follow distributions other than the lognor m al.

5.4.2 Data Normalization

Reduction of within-station variability would im prove
statistical tests used to test the proposed hypotheses h this program.

the power of the
If the variables of

interest are highly correlated with an ancillary vartable, then normalization with this
variable may reduce within-station variabfity.

The foil.o wing method was used to determine if norm ahzation of the raw data
with T O C, % SILT, % CLAY would reduce within-tation  variability. A one-way A N OVA
using stations as treatments was conducted by applying the S A S statktical  procedure G L M
to the log-transformed parameters and log-transform ations of para m eters norm dized by
dividing the raw data by either T O C, % S(L T, or % C L A Y. h this analysis the root mean
square (R MS) of the model error term is a pooled estimate of within-station standard
deviation.

Table 5.11 shows that normalization with T O C results in a small reduction in
standard deviation for most organic parameters but nor m alization results in no reduction
in standard deviation for metal para m eters. Except for the organic U V/F 355 ,para m eter,
nor m alization  with % SIL T or $ C L A Y produced no decrease in standard deviation (Table.
5.11 ). These results suggest that data normalization with T O C, % SIL T, % CL A Y would not
be effective in reducing within-station variability.

Another method used to examine the variance reduction potential of data
nor m dization was to calculate correlation matrices using only the 27 within-station
averages. These correlations reflect only the bet ween-station  relationships of the
variables and do not include any within-station correlations. Table 5.12 contains the
correlation coefficient.s and observed significance levels (below ) for the log-transfer m ed
metal parameters with themselves and log (TO C), $ SILT, and % CLAY. Table 5.13
contains similar inform at.ion for selected log-transfer m ed organic parameters. The
observed signillcance  level may be interpreted as the probability that a correlation
coefficient as large as that observed would be observed if the two variables were
uncorrelated. The relative large correlations with T O C, % SILT and $ CLAY in Tables
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Table 5.10 F Valuesa From Levene~s Test for Homogeneity
of Variance

Metal Untransformed Log-transformed
Parameter Data Data

Cd 1.47 2.91
Pb 4.74 3.65
Ba 5.89 5*75
Cr 4.o8 6.19
Cu 4.6 I 5.14
Zn 8.4o 9.91
v 6.39 8.99

Organic Untransformed Log-transformed
Parameter Data Data

N
F
P
D

PAH
FFPI
P/D
TALK
LALK
1S0
ALK

LALK/TALK
ISO/ALK
17o8
181o
TOT
TOC
355

10.10
5.50

11.38
8.17
2.8o
3.32
5.41
5.17
3.78
3.52
3.47
7.89
2.45
3.24
2.71
4.30

11.62
5.15

6.99
19.41
10.47
6.29
2.80
2.59
4.11
1.89b
3.02
2.48
2.olb
3.63
2.45
2.38
1 .20b
I.lgb
5.22
4.15

a For the metal parameters, the hypothesis of homogeneous
variance is rejected if F exceeds 1.3; for the organic
parameters, the F value is 2.37.

b Null hypothesis not rejected.
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Table 5.11 Pooled Wittdn-Station Standerd D eviatin Estimates for Unnorm Wzed and
Normalized Logarithmic Data.

Metal
Parameter In (x) h (X/TOC) Yn (X/$Silt) in (X/$Clay)

Cd 0.1784 0.3350 0.3760 0.4299
Pb 0.1448 0.2795 0.3189 0.4301
Ba 0.1637 0.2682 0.3226 0.3820
Cu 0.2144 0.2950 0.3339 0.3871
Cr 0.0394 0.2747 0.2977 0.3721
Zn 0.2003 0.2975 0.3212 0.3873
v 0.1603 0.2613 0.2876 0.3585

Organic
Parameter In (x) In (X/TOC) h (X/$SILT) in (X/%Clay)

N
F
P
D

PAH
TALK
LALK
1708
181o
TOT
355

0.6007
1.244
0.5873
1.0219
0.7716
0.3362
0.3643
0.3219
0.3265
0.2915
0.3834

0.5929
1.2358
0.5703
0.9908
0.8001
0.2931
0.3578
0.2722
0.2871
0.2556
0.3403

0.7260
1.3339
0.7046
1.1105
0.8273
0.4571
0.5165
0.4396
0.4326
0.3912
0.3673

0.7555
1.3836
0.7412
1.1423
0.8817
0.4667
0.4973
0.4658
0.4780
0.3988
0.4285
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Table 5.12 Correlation Matrix for Metal Parameters with T’CK, % Silt, % Clay Using Station
Averages.

—. —-—.—. — ——————_

27PEARSON CORRELATION COEFFICIENTS / PROB >  ~R; UNDER  HO:RHO=O  / N  =

LZNCONC LVCONC  LTOCCONCLCDCONC  LPBCONC  LBACONC  LCRCONC LCUCONC PSILT PCLAY

LCDCONC

LPBCONC

LBACONC

LcRCONC

LCUCONC

LZNCONC

LVCONC

LTOCCONC

PSILT

PCLAY

“1 .00000
0 . 0 0 0 0

0 . 3 0 2 1 4
0 . 1 2 5 6

0 . 1 2 5 2 9
0 . 5 3 3 5

0 . 3 4 4 5 0
0 . 0 7 8 5

0 . 6 1 4 0 1
0 . 0 0 0 7

0 . 4 5 7 0 7
0.0185

0 . 3 8 9 3 0
0 . 0 4 4 7

0 . 4 6 7 0 2
o.of40

0 . 5 3 4 5 0
0 . 0 0 4 1

0 . 3 1 0 0 5
0 . 1 0 5 9

0.30274
0.1256

1.00000
0 . 0 0 0 0

0.80711
0.0001

0 . 7 9 5 9 8
0 . 0 0 0 1

0.85654
0.0001

0 . 5 8 1 9 2
0 . 0 0 1 5

0.80520
0.0001

0 . 7 4 2 1 9
0 . 0 0 0 1

0.63904
0.0003

0 . 7 1 1 5 9
0 . 0 0 0 1

0 . 1 2 5 2 9
0 . 5 3 3 5

0.80711
0.0001

1 . 0 0 0 0 0
0.000o

0 . 8 0 8 0 6
0 . 0 0 0 1

0 . 4 5 0 6 0
0 . 0 1 6 7

0 . 8 0 8 9 7
0.0001

0 . 7 0 7 5 8
0 . 0 0 0 1

0 . 7 6 0 3 8
0.000i

0 . 7 1 0 6 5
0 . 0 0 0 1

0 . 5 6 8 8 0
0 . 0 0 2 0

0 . 3 4 4 5 0
0 . 0 7 8 5

0 . 7 9 5 9 0
0 . 0 0 0 1

0 . 8 0 8 0 6
0 . 0 0 0 1

1.00000
0 . 0 0 0 0

0.80838
0.0001

0 . 9 6 0 3 9
0.000f

0 . 7 9 8 6 7
0 . 0 0 0 1

0 . 6 7 8 4 9
0 . 0 0 0 1

0 . 7 4 S 4 8
0 . 0 0 0 1

0.72378
0.0001

0 . 6 1 4 0 1
0 . 0 0 0 7

0 . 8 0 7 4 6
0.000f

0 . 5 8 1 9 2
0 . 0 0 1 5

0 . 4 5 6 0 0
0.01s7

0.80838
0.0001

1 . 0 0 0 0 0
0 . 0 0 0 0

0 . 6 8 8 3 2
0.000f

0 . 5 3 8 0 6
0 . 0 0 3 8

0.6!5225
0 . 0 0 0 2

0 . 6 9 9 0 7
0 . 0 0 0 1

0 . 4 5 7 0 7  0 . 8 0 5 2 0  0 . 7 0 7 5 8  0 . 7 9 8 6 7  0 . 6 8 8 3 2
0 . 0 1 6 5 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

1 . 0 0 0 0 0  0 . 8 4 8 0 4  0 . 7 0 9 1 1
0 . 0 0 0 0 0 . 0 0 0 1 0.0001

0 . 7 2 0 6 6
0 . 0 0 0 1

0 . 6 4 7 7 8
0 . 0 0 0 3

0 . 3 8 9 3 0  0 . 8 5 6 5 4  0 . 8 0 8 9 7  0 . 9 6 0 3 9  0 . 8 0 7 4 6
0 . 0 4 4 7 0 . 0 0 0 1 0 . 0 0 0 1 0.0001 0.0001

0.84B04
0.0001

1 . 0 0 0 0 0
0 . 0 0 0 0

0.7f569
0 . 0 0 0 1

0 . 7 5 3 4 7
0.000i

0 . 8 4 1 4 6
0 . 0 0 0 1

0 . 4 6 7 0 2  0 . 7 4 2 1 9  0 . 7 6 0 3 8  0 . 6 7 8 4 9  0 . 5 3 8 0 6
0.0140 0.0001 0 . 0 0 0 1 0.0001 0 . 0 0 3 8

0 . 5 3 4 S 0  0 . 6 3 9 0 4  0 . 7 1 0 6 5  0.74!548  0 . 6 5 2 2 5
0 . 0 0 4 1 0 . 0 0 0 3 0.0001 0.0001 0 . 0 0 0 2

0 . 3 1 8 0 5  0 . 7 1 1 5 9  0 . 5 6 8 8 0  0 . 7 2 3 7 8  0 . 6 0 9 0 7
0 . 1 0 5 9 0.0001 0 . 0 0 2 0 0.0001 0.0001

0 . 7 1 5 6 9
0 . 0 0 0 1

0 . 7 0 9 1 1
0 . 0 0 0 1

1.00000
0 . 0 0 0 0

0 . 7 6 9 3 9
0.0001

0 . 4 7 1 4 7
0 . 0 1 3 0

0 . 7 5 3 4 7
0.0001

0 . 7 2 0 6 6
0 . 0 0 0 1

0.76939
0.0001

1 . 0 0 0 0 0
0 . 0 0 0 0

0.61079
0.0007

0 . 6 4 7 7 8
0 . 0 0 0 3

0 . 8 4 1 4 6
0 . 0 0 0 1

0 . 4 7 1 4 7
0 . 0 1 3 0

0 . 6 1 0 7 9
0 . 0 0 0 7

1.00000
0 . 0 0 0 0



Table 5.13 Correlation Matrix for Selected Organic Parameters with TOC, % Silt, and % Clay Using
Station Averages.

PEARSON CORRELATION COEFFICIENTS  / PROB > ;R;  UNDER HCJ:l?H()=O  / N = 2 7

LN LF LP LD LPN+ LTALK LLALK LC35S LC1708 LCI81O LTOT

LN

LF

LP

LD

LPAH

LTALK

LLALK

LC355

Lc1708

LC181O

LTOT

LTOCCONC

PSILT

PCLAY

1 . 0 0 0 0 0  0 . 8 5 9 9 8  0 . 9 8 8 3 8  0 . 9 3 5 0 3  0 . 9 5 3 8 9  0 . 8 3 3 8 4  0 . 8 4 8 5 0  0 . 8 9 7 9 9  0 . 8 8 8 7 7
0 . 0 0 0 0 0.0001 0 . 0 0 0 1 0.0001 0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0.0001 0.0001

0 . 8 7 5 6 3
0.0001

0 . 8 4 4 0 4
0.0001

0 . 8 5 9 9 8  1 . 0 0 0 0 0  0 . 8 8 7 5 1  0 . 9 3 1 3 8  0 . 8 7 0 8 1  0 . 7 3 2 6 4  0 , 7 4 6 3 8  0 . 7 2 4 8 1  0 . 6 7 0 5 6
0 . 0 0 0 1 0 . 0 0 0 0 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

0.72518
0.0001

0 . 7 1 8 4 0
0 . 0 0 0 1

0 . 9 8 8 3 8  0 . 8 8 7 5 1  1 . 0 0 0 0 0  0 . 9 4 4 1 0  0 . 9 7 2 2 4  0 . 8 4 0 0 5  o,839Ql  0 . 8 8 2 2 7  0 . 8 6 9 4 7
0 . 0 0 0 1 0 . 0 0 0 1 0.000o 0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

0.87061
0.0001

0 . 8 5 1 0 3
0 . 0 0 0 1

0 . 9 3 5 0 3  0 . 9 3 1 3 8  0.944f0 1 . 0 0 0 0 0  0 . 9 2 5 5 7  0 . 7 7 0 2 7  0 . 8 0 0 8 6  0 . 7 7 8 7 8  0 . 7 5 7 9 8
0.0001 0.0001 0 . 0 0 0 1  0.0000 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

0 . 7 7 1 7 8
0.0001

0 . 7 7 3 4 5
0 . 0 0 0 1

0 . 9 5 3 6 9  0 . 8 7 0 8 1  0 . 9 7 2 2 4  0 . 9 2 5 5 7  j.WOOO  0 . 8 8 2 0 6  0 . 8 6 3 6 4  0.87291  0 . 8 5 9 2 4
0 . 0 0 0 1 0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 0 0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

0 . 8 3 3 8 4  0 . 7 3 2 8 4  0 . 8 4 0 0 5  0 . 7 7 0 2 7  0 . 8 8 2 0 6  V.00000 0 . 9 3 1 3 7  0 . 9 1 0 4 2  0 . 9 1 2 7 4
0.0001 0.000f 0.0001 0 . 0 0 0 1 0.0001 0.000o 0.0001 0 . 0 0 0 1 0.0001

0 . 8 7 8 6 2
0.0001

0 . 8 8 3 5 8
0 . 0 0 0 1

1-
.9
u 0 . 9 4 9 3 2

0 . 0 0 0 1
0 . 9 9 5 1 8

0 . 0 0 0 1

0 . 8 4 8 5 0  0 . 7 4 6 3 8  0 . 8 3 9 0 1  0 . 8 0 0 8 6  0 . 8 6 3 6 4  0 . 9 3 1 3 7  1 . 0 0 0 0 0  0 . 9 0 0 1 0  0 . 8 9 6 6 7
0 . 0 0 0 1 0 . 0 0 0 1 0.000i 0 . 0 0 0 1 0.0001 0 . 0 0 0 1 0 . 0 0 0 0 0 . 0 0 0 1 0.000f

0 . 9 0 8 7 9
0 . 0 0 0 1

o.917eo
0 . 0 0 0 1

0 . 8 9 7 9 9  0 . 7 2 4 8 1  0 . 8 8 2 2 7  0 . 7 7 8 7 8  0 . 8 7 2 9 1  0 . 9 1 0 4 2  0 . 9 0 0 1 0  1 . 0 0 0 0 0  0 . 9 6 8 4 4
0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 0 0 . 0 0 0 1

0 . 9 7 0 2 0
0 . 0 0 0 1

0 . 9 2 2 3 2
0.0001

0 . 8 8 8 7 7  0 . 6 7 0 5 6  0 . 8 6 9 4 7  0 . 7 5 7 9 8  0 . 8 5 9 2 4  0 . 9 1 2 7 4  0 . 8 9 6 6 7  0 . 9 6 8 4 4  1 . 0 0 0 0 0
0 . 0 0 0 1 0 . 0 0 0 4 0 . 0 0 0 1 0 . 0 0 0 1 0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 0

0 . 9 8 0 7 7
0.0001

0 . 9 3 3 7 5
0 . 0 0 0 1

0 . 8 7 5 8 3  0 . 7 2 5 1 8  0 . 8 7 0 6 1  0 . 7 7 1 7 8  0 . 8 7 8 6 2  0 . 9 4 9 3 2  0 . 9 0 8 7 9  0 . 9 7 0 2 8  0 . 9 8 0 7 7
0.0001 0.0001 0.0001 0 . 0 0 0 1 0.0001 0.0001 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

0 . 8 4 4 6 4  0 . 7 1 8 4 0  0 . 8 5 1 0 3  0 . 7 7 3 4 5  0 . 8 8 3 5 8  0 . 9 9 5 1 8  0 . 9 1 7 8 0  0 . 9 2 2 3 2  0 . 9 3 3 7 5
0.0001 0.000+ 0 . 0 0 0 1 0 . 0 0 0 1 0.0001 0.0001 0.0001 0 . 0 0 0 1 0 . 0 0 0 1

1.00000
0 . 0 0 0 0

0 . 9 6 2 4 7
0.0001

0.96247
0 . 0 0 0 1

1.00000
0 . 0 0 0 0

0 . 7 3 4 4 1  0 . 4 7 3 8 3  0 . 7 3 8 1 5  0 . 5 9 9 3 0  0 . 7 5 4 4 4  0 . 8 6 7 1 1  0 . 7 3 5 2 7  0 . 8 1 3 7 4  0 . 8 7 0 0 6  0 . 8 5 0 2 4  0 . 8 9 2 8 5
0 . 0 0 0 1 0.0125 0.000v 0 . 0 0 1 0 0.0001 0.0001 0.0001 0.0001 0 . 0 0 0 1 0.0001 0.0001

0 . 8 8 8 8 9  0 . 6 4 0 5 4  0 . 7 0 9 0 4  0 . 6 3 0 4 2  0 . 7 2 8 8 3  0 . 8 5 7 9 9  0 . 7 2 8 3 9  0 . 7 0 7 0 0  0 . 6 9 5 9 7  0 , 7 5 3 3 3  0 . 8 4 4 4 8
0 . 0 0 0 1 0 . 0 0 0 3 0 . 0 0 0 1 0 . 0 0 0 4 0.000i 0.0001 0.000f 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

0 . 5 6 5 9 4  0 . 6 7 5 5 9  0.5940Q  0 . 5 8 5 5 7  0.81891 0.6e782  0.621T5  0 . 8 6 7 9 2  0 . 5 8 4 8 2  0 . 6 7 7 8 5  0 . 6 5 0 1 4
0 . 0 0 2 1 0.0001 0.0011 0.00*3 0 . 0 0 0 6 0 . 0 0 0 1 0 . 0 0 0 6 0.000t 0 . 0 0 1 4 0 . 0 0 0 1 0 . 0 0 0 2



5.12 and 5.13 indicate that the norm akation parameters may be used to reduce the
between-station variability in station averages even though no reduction in within-station
variability is achieved by normalization.

5.4.3 Parameter Variability

The magnitude of temporal change that w~ be detected
monitoring program is a direct function of the underlying variability in
betig measured and the number of replicate sa m pies analyzed each year.

by the current
the parameters
Table 5.14 lists

the metal parameters and selected organic parameters along with a pooled esti m ate of
the witti-station  standard deviation. Also listed is the minimum multiplicative change
that wi31 be detected (with 80 z probability) by the current monitoring program for three
different second-year sample sizes. A detectable m ukiplicative  difference of 1.5 is a
50% change and 2.1 represents a 110 % change.

For the metal parameters, changes on the order of 1.1 to 1.5 w~ be
detectable with a second-year sample size of 6. This range only increases to 1.2 through
1.8 for a sample size of 2 which indicates that a large second-year sample size is not
crucial to the detection of changes in the metal parameters. This state m ent is also true
for the organic parameters that have a pooled standard deviation 0.30 or less. A
reduction of the second-year sample size to 4 would not appreciably affect the organic
parameters with pooled standard deviations of 0.60 or less. Since this category includes
most of the organic parameters, it appeam that a reduction in sample size to 4 for the
second year would have no ~niflcant detrimental. effect on the abfity to detect changes.

Caution should be used when drawing conclusions based on Table 5.14.
Because of the heterogeneity of variance IVo m station to station, the pooled standard
deviations in Table 5.14 should be viewed as average variability estimates. Standard
deviation values are reported by station in Tables 5.15 and 5.16. These values may be
used in co~”unction with Table 5.17 to determine detectable multiplicative changes for
the individual stations h subsequent years.

6. STUDY CRITIQUE AND RECOMMEND AT IONSFOR
YEAR 2STUDY

Of the Year 1 and overall (Years 1-3) objectives of the BS M P, most have been
met or are in the process of being met through the activities conducted during this first
year of study. In spite of the extremely short lead time given, the less than ideal open
water conditions during Septe m her, 1984, and the lack of a shakedown period for the
sa RI pling vessel and several shortcomings of the vessel, the 1984 field sampling program
was initiated and successfully concluded during its first year.

The f!irst year’s sampling design was intended to yield monitoring data *O m
Barter Island to Cape Halkett as far omhore as the 25 m isobath. The design was intended
to obtain surface sediment and benthic bivalve sa m pies such that adequate replication
could be attained. Due to ice conditions and boat problems, the Year 1 program did not
succeed in obtaining the co m plete areal coverage desired. Bivalve collections were

inadequate due to the spareity  of animals at pre-selected  locations, which were chosen
prim arily for sediment characteristics and secondakil.y  for expected bivalve abundance.
L ogisticaUy, the 10 w sea water flow rates afforded by our w ashdo w n system was of lesser
significance in the inability to obtain sufficient nu m hers of animals. Offshore ice
conditions further hindered the abiJity  to sample the abundant offshore glass scallop,
Arctinula.

A nelyticdly and statistically the Year 1 program was successful in identifying
the key parameters and parameter ratios to be used in long-ter m monitoring of ofl aod gas
exploration, and develop m ent inputs. The withirwtation  variability of these parameters
and ratios was documented. Based on these results, we are able to document the
magnitudes of detectable changes for these para m ete~ and are able to confidently plan
our replication scheme for the Year 2 study.
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Table 5.14 Detectable Multiplicative Change+ in Concentration as a Function of Pooled
Standard Deviation on a Logarithmic (Natural) Scale.

Pooled
Metal Standard Second Year Sample Size

Parameter Deviation 6 4 2

Cd 0.18 1.4 1.5 1.7
Pb 0.13 1.3 1.4 1.5
Ba 0.16 1.4 1.4 1.6
Cu 0.21 1.5 1.6 1.8
Cr 0.05 1.1 1.1 1.2
Zn 0.21 1.5 1.6 1.8
v 0.16 1.4 1.4 1.6

Organic
Parameter

Pooled
Standard
Deviation

Second Year Sample Size
6 4 2

N
F
P
D

PAH
TALK
LALK
1708
1810
TOT
355
FFPI
P/D
1S0
ALK

LALK/TALK
ISO/ALK

TOC

0.60
1.24
0.60
1.01
0.78
0.34
0.37
0.32
0.32
0.28
0.39
0.11
0.60
0.32
0.32
0.18
0.14
0.30

3.0
9.4
3.0
6.2
4.1
1.9
2.0
1.8
1.8
1.7
2.1
1.3
3.0
1.8
1.8
1.4
1.3
1.8

3*5
13.1
3.5
8 . 2
5.1
2.1
2 . 2
2 . 0
2 . 0
1.8
2 . 3

;::
2 . 0
2 . 0
1.5
1.4
1.9

;o”~6
5.2
16.3
8.7
2.6
2.8
2.5
2.5
2.2
3.0
1.4
5.2
2.5
2.5
1.7
1.5
2.3.
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Table 5.15 Standard Deviation on a Logarithmic (Natural) Scale for the Metal Pammetem and the Organic Parametem  355
and TOC.

Metal Parameter
Station cd Pb Ba Cr Cu Zn v 355 TOC

2E
2F
3A

E
4B
4C

5(1)
5(10)

P 5(2)
em 5(5)

5A
5B
5D
5E
5F
5G
6A
6B
6C
6D
6F
7A
7B
7C
7E
7G

0.23
0.09
0.16
0.14
0.21
0.28
0.41
0.23
0.14
0.32
0.14
0.12 “’
0.00(a)
0.05
0.55
0.14
0.37
0.30
0.12
0.28
0.28
0.34
0.34
0.14
0.16
0.21
0.25

0.07
0.05
0.14
0.12
0.09
0.18
0.28
0.07
0.09
0.12
0.05
0.09
0.28
0.05
0.53
0.09
0.14
0.16
0.05
0.23
0.09
0.39
0.12
0.07
0.07
0.05
0.05

0.05
0.02
0.05
0.05
0.02
0.05
0.16
0.07
0.02
0.05
0.05
0.14
0.02
0.02
0.34
0.05
0 . 1 2
0.02
0.05
0.28
0.07
0.51
0.05
0.02
0.02
0.02
0.07

0.09
0.02
0.09
0.02
0.02
0.12
0.16
0.32
0.05
0.05
0.07
0.05
0.07
0.05
0.62
0.05
0.09
0.07
0.05
0.25
0.09
0.16
0.07
0.05
0.02
0.07
0.16

0.21
0.09
0.05
0.18
0.12
0.21
0.32
0.37
0.14
0.05
0.07
0.05
0.14
0.05
0.55
0.02
0.12
0.05
0.05
0.21
0.18
0.28
0.16
0.12
0.02
0.07
0.51

0.05
0.21
0.05
0.07
0.02
0.14
0.25
0.05
0.02
0.53
0.05
0.07
0.14
0.02
0.67
0.05
0.12
0.02
0.07
0.28
0.07
0.23
0.07
0.07
0.01
0.02
0.05

0 . 0 7
0 . 0 5
0 . 0 5
0 . 0 2
0 . 1 2
0 . 1 2
0 . 2 5
0 . 0 9
0 . 0 5
0 . 0 2
0 . 0 5
0 . 0 5
0 . 0 5
0 . 0 2
0 . 6 2
0 . 0 2
0 . 1 4
0 . 0 5
0 . 0 7
0 . 2 8
0 . 1 2
0 . 2 5
0 . 0 2
0 . 0 5
0 . 0 2
0 . 0 5
0 . 1 4

0.12
0.18
0.07
0.21
0.53
0.53
0.34
0.55
0.16
0.25
0.18
0.16
0.28
0.32
1.01
0.05
1.03
0.14
0.23
0.21
0.30
0.60
0.12
0.12
0.07
0.05
0.30

0.09
0.18
0.07
0.05
0.28
0.28
0.48
0.23
0.69
0.46
0.41
0.02
0.16
0.07
0.69
0.12
0.30
0.12
0.05
0.21
0.28
0.44
0.34
0.14
0.05
0.09
0.37

(a) All measurements were below the detection limit.



Table 5.16 Standard Deviations on a Logarithmic (Natural) Scale for Selected
Organic Param eter=s by Station.

Organic Station
Parameter 2F 3 4A 5 D 6 C 6D 7A

N
F
P
D

PAH
TALK
LALK
17o8
1810
TOT
FFPI
P/D
ISO
ALK

LALK/TALK
ISO/ALK

0.46
0.92
0.34
1.04
0.25
0.12
0.09
0.05
0.16
0.14
0.05
0.69
0.09
0.16
0.12
0.07

0.34
0.28
0.34
0.28
0.80
0.28
0.28
0.25
0.25
0.23
0.07
0.18
0.25
0.25
0.05
0.02

0.12 0.18 0.67
0.30 0.16 0.55
0.07 0.09 0.58
0.14 0.12 0.69
0.25 0.32 0.44
0.09 0.14 0.30
0.05 0.41 0.30
0.09 0.41 0.34
0.12 0.39 0.44
0.14 0.39 0.32
0.05 0.07 0.09
0.12 0.09 0.21
0.05 0.41 0.37
0.07 0.41 0.34
0.07 0.09 0.12
0.07 0.02 0.02

0.34
0.44
0.32
0.28
0.30
0.30
0.60
0.25
0.25
0.30
0.05
0.16
0.25
0.25
0.39
0.02

1.27
2.99
1.31
2.32
1.70
0.55
0.46
0.53
0.48
0.25
0.28
1.33
0.55
0.46
0.09
0.07
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Table 5.17 Detectable Multiplicative Changes in Concentration as a Function
of Standard Deviation on a Logarithmic (Natural) Scale.

Standard Second Year Sample Size
Deviation 6 4 2

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.2
1.4
1.6
1.8
2.0

1.2
1.5
1.8
2.1
2 . 5
3 .0
3 .6
4 . 3
5.1
6.1
8 . 7

12.4
17.7
25.4
36.3

1.3
1.6
1.9
2.3
2.9

::;
5.3
6.5
7*9
12.0
18.1
27.3
41.3
62.4

1.4
1.8
2.3
3.1
4.0
5.3
6.9
9.1
11.9
15.7
27.1
47.0
81.4
141.0
244.3

. ----- ---
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The lack of replication for the organic parameters at 20 of the 27 stations
sa m pled creates so m e uncertainty as to how the pooled measure m enk fko m these stations
should be used. The orighel intent was to extrapolate the within-station vaK’ianCeS fio m
the seven replicated stations to the remaining 20, based on some simihr station
characteristic(s): grain size distribution, absolute concentration levels, geographical
region, etc. W e have not yet determined the most valid approach, W indeed one exists.
To partly alleviate this problem, replicate sa m pies should be analyzed at these stations
during subsequent years. Making the assumption that the magnitude of variabfity  rem airIs
constant &o m year to year, would SUO w the testing of hypotheses concerning temporal
trends in average parameter levels at those stations. Fewer replicates could be analyzed
per station (perhaps 2, 3 or 4) so that variability inf’or m ation can be obtained for a larger
number of stations. A reduction in sample size fko m 6 to 3 or 4 still would allow for the
estimation of the magnitude of variability, whereas estim sting variability at stations with
only one pooled sample requires unverifiable assumptions concerning the equality of
variability levels a m ong stations.

Based on the metals data and on a subset of the hydrocarbon data &o m the
Year 1 study, and fio m similar monitoring studies on Georges Bank and in the Gulf of
Mexico, small ficre m ental additions can be detected. However, due to the expected 10 w
level inputs fro m well drilJing and well production activities, O C S activities are in the
short term, most likely to be detected only with the near- to mid-field distances
(1-10km) fio m point sources.

The utilization of Year 2 resources should reflect the expectation of detecting
inputs only in the near- to mid-field; should reflect a need to obtain absolute
cone entration and variability data at those offshore and eastern-most stations which were
proposed but not sa m pled during the Year 1 study; and should reflect an acute need to
obtain nearshore and offshore bivel.v es.

An important infer m ation gap exists pertaining to the relation of source
materials, in particular peat material, to the observed sediment hydrocarbon and metal
distributions. R epresentat.ive peat sa m pies need to be obtained and analyzed for target
ele m ent.s and hydrocarbon co m pounds. As the distinction between diagenet.ic  peat and
fosd fuel becomes more difficult due to molecular similarities, there is an important
need to apply molecular marker techniques to peat and to offshore sediments. The tri-,
tetra- and pentacyclic hydrocarbons derived from terpenes and the sterane co m pounds
have been show n to be valuable markers in differentiating diagenetic and fossil
hydrocarbons.

One reco m mended Year 2 study plan includes the following elements.

station selections

● The
the

● The

● The

sampling of the Cam den Bay Area stations not sa m pled during
Year 1 program.

resa m pling of the 27 stations sa m pled during the Year 1 program.

selection of three additional nearshore bivalve sampling sites
with documented abundances of bivalves, and intensive bivalve
sampling.

● The establishment and sampling of additional sediment stations
corresponding to the bivslve stations.

Lo@slics

● Modification of bivalve washdo wn system to increased flow rate and’
on-board procesing throughput.
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Analytical

●

●

●

o

●

The elimination of the U V/F measurement due to high background
fluorescence and the limited potential use of U V/F in monitoring
studies in the B eaufort.

The inclusion of triterpane and sterane measurements in selected
sediment sa m pies and source materials (see below).

The inclusion of iron (Fe) and manganese (M n) into the metals
analytical plan for use as important potential normalizers.

The examination of the fine sediment fhaction for che mica2 content
and co m position.

Source Materials

● The sampling and detailed analysis of several sa m pies of coastal peat
deposits and riverine source m aterids.

The action items mentioned above should be included in the tactical design of
the Year 2 program. All of these items are reco m mended as necessary approaches to
meeting the overall objectives of the multi-year program.
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